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Abstract
This thesis describes the application of solid state synthetic and characterisation techniques 
to the detailed analysis of potential solid electrolyte materials for lithium ion battery 
applications. The focus of this study is fast-ion conduction in lithium containing garnets 
and the understanding of the factors affecting the structure and properties of these 
materials. The phases studied during this project can be separated into two groups, the 
cubic garnet materials related to Li5Ln3Mv20 12 (Ln = La, Pr, Nd, Sm, Eu; Mv = Sb, Nb, Ta) 
and the tetragonal phases, related to Li7Ln3MIV20 12 (Ln = La, Nd; MIV = Zr, Sn).
Synthetic studies indicated that a range of cubic garnet compositions are stable. All the 
cubic phases studied are found to show fast lithium ion conductivity. Doping on the Ln 
site to increase Li content was successful and accordingly improved the conductivity. 
Doping up to x = 1 was achieved in phases related to Li5+xA xLn3.xMv20 12 (A = Ca, Sr, Ba). 
Structural studies carried out using neutron diffraction analysis found a cubic garnet related
structure in the space group la 3 d, consistent with previously published results on related 
phases. The structure contained Li in two partially occupied sites, an ideal tetrahedral site 
and a distorted “octahedral” site found to be tending towards a 4  coordinate geometry. 
Increasing Li content was accommodated on to the two existing sites without disruption to 
the rest of the structure, and increasing temperature caused some redistribution of Li 
between the sites.
Tetragonal garnet related phases were unexpectedly produced when increasing the Li 
content to form Li7Ln3MIV20 12. Structural studies showed three l i  sites, one tetrahedral 
and two distorted octahedra with the space group I4t /  a c d, such cation ordering 
accounting for the very low conductivity observed for these phases.
Thermal history effects on conductivity were observed in the vast majority of the phases 
studied. The main cause of these effects was thought to be atmospheric water, bringing 
about exchange of l i  with H and the formation of Li containing species on the surface. 
The effects were variable and illustrated the sensitivity of these phases to external 
conditions.
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1.1 Background
1.1.1 Battery technology
Batteries are a convenient, flexible and efficient form of energy storage. They are used in a 
wide range of different applications, from tiny cells for personal electronics to large, high 
power applications such as hybrid electric/petrol vehicles and load levelling. Applications 
have differing requirements and there is an equally diverse range of batteries to suit. Both 
primary and secondary cells are utilised extensively in current society and available battery 
technology is a driving factor for product development. For example, the evolution of the 
mobile phone would not have been possible without the invention of the lithium ion 
battery, allowing smaller, more powerful units with longer battery life. Similarly, the 
growth in the need for rechargeable batteries also drives battery research forward, ensuring 
that research into this huge area maintains a connection with the potential applications.
Batteries are separated into two types: primary and secondary cells. Primary cells are non- 
rechargeable and produce electrical energy from a chemical reaction that irreversibly 
changes the cell and, once discharged, the cell is discarded to landfill or recycled for raw 
materials. Secondary cells are rechargeable through reversible chemical changes that occur 
on charging and discharging and can therefore be used many times. The characteristics of 
the rechargeable cells make them perfect for many different applications and research is 
currently focussed on new materials to improve this technology.
1.2 Lithium battery system s and applications
Lithium based batteries were initially developed in the 1960s and 1970s1. The original Li 
based cells were primary batteries and, in 1972, Exxon published work on a primary cell 
containing TiS2 as a cathode, Li metal as the anode, and lithium perchlorate in dioxolane as 
the electrolyte 2’3. The cell functioned as required but was not commercially viable due to 
issues surrounding the metallic Li and liquid electrolyte, which led to cells having explosive 
tendencies1. The advantages of the Li cells over the conventional primary batteries 
available at that time, such as the zinc anode cells, included4: 
o higher energy density;
o high voltage (~4 V when other primary systems achieved only ~1.5 V); 
o wide operating temperature range;
o flat discharge characteristics (maintains constant power throughout the discharge); 
o fewer self discharge issues leading to a longer shelf life (up to 5 years at 20°C).
2
Research into lithium based primary batteries continued and resulted in a range of systems 
utilising Li metal cathodes but with differing chemistries. These include the use of 
lithium/sulphur dioxide and lithium-thionylchloride cells, comprising liquid or gaseous 
cathode materials (S02 or SO CL) which dissolved in the electrolyte or formed part of the 
electrolyte solvent. This type of primary lithium cell is known as the Soluble-Cathode cell 
and has high discharge rates as the result of a large electrode surface area. As a group, they 
are capable of delivering among the highest current densities of the primary cells. 
Additionally, Solid-Cathode cells became popular for low to medium discharge rate 
applications such as portable electronic equipment (watches, calculators, etc}). A different 
style of battery, the Solid-Cathode primary Li cell utilised cathodic materials such as V20 5, 
M n0 2 and CuO4 and an organic liquid based electrolyte. Finally, Solid Electrolyte cells 
were developed, with electrolyte materials such as polymers, poly-(ethylene oxide), and 
Li0.39N 0.020O 0.47P0.i2 with a V20 5 cathode4.
The first all solid-state battery was the I2/L il/L i metal cell consisting of a Li metal anode 
and a polyphasic cathode which was predominantly iodine. The cathode was made 
electronically conductive using organic additives, most frequently poly-(2 -vinylpyridine), 
the discharge process is based on the reaction4:
Li + 72 I2 -> Lil
Li and I2 are consumed during the reaction precipitating Lil between the anode and 
cathode, which acts both as the discharge product and also the electrolyte and cell 
separator. As the discharge proceeds, the Lil layer gets progressively thicker and the cell 
resistance increases. This technology was used in the first pacemakers, implanted in 1972s 
and is still used today with an estimate of 4 million pacemakers being fitted with the cell 
annually (worldwide estimate made in 2003)6. These I i / I 2 cells are popular for this vital 
application because the initial formation of the l i l  layer on assembly of the battery means 
there is a low self discharge rate, and therefore high reliability. Additionally, the cells are 
robust and can withstand a reasonable amount of physical trauma without failing, and have 
a long shelf life ( ~ 1 0  years)4.
Use of the l i  metal anode in all of the aforementioned primary batteries prevents them 
from being recharged as the l i  does not readily reinsert into the anode, rather it forms 
dendritic growths on the surface, leading to self discharge. However, the increase in 
battery use and growth of new applications such as the mobile communications market 
during the 1980s sparked efforts to produce a rechargeable lithium based cell. The newer
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rechargeable cells were no t technically called “Lithium Batteries” as they did no t contain Li 
metal anodes and so were known as Li-ion batteries instead.
A com peting technology on the rechargeable battery m arket are the nickel metal hydride 
(Ni-MH) cells w hich have a nickel oxyhydroxide (N iO O H ) cathode in the charged state 
w ith a m etal hydride anode. Li ion batteries have a num ber o f  advantages4 including a 
higher energy density (up to 150 W h kg'1), higher cell voltage (up to  ~ 4  V) and low self­
discharge rate. Consequently the Li ion battery has essentially superseded the N i metal 
hydride cells as the preferred battery o f  choice in many spheres such as mobile 
com m unications. Lithium ion cells function by shuttling Li from  lithium containing 
cathode material, across an ionically conducting electrolyte and into a Li insertion material 
anode. W hen the battery is charged, the Li+ ions leave the cathode material and intercalate 
into the anode w ith the charges balanced by electrons. The flow o f  Li+ is reversed when 
the cell discharges.
The first commercial, and still highly popular, secondary lithium  battery was the L iC o 0 2 
cell, designed by Sony and released in 1990'. This cell uses a graphitic anode and LiC oO , 
cathode w ith a LiPF6, ethylene carbonate/dim ethyl carbonate liquid electrolyte (Figure 1.1). 
The cells are assembled discharged; with a LiC oO , cathode as a thin layer o f  pow der on an 
A1 foil current collector and the anode, comprising a thin layer o f  graphite on a Cu foil 
current collector. The two electrodes are physically separated by a porous plastic film 
soaked in the electrolyte mixture. As the cells are charged, Li+ leaves the cathode and Co
Charge
Discharge
LiCoO Graphite
Di-methyl carbonate 
Ethylene carbonate
Figure 1.1 Illustration o f the Sony lithium cell. L iCoOi cathode material with Co as yellow spheres, ()  as red 
spheres, Li as green spheres. Electrolyte liquid with green mobile Li+ species. Graphitic anode with carbon as
black spheres, intercalated Li+ as green spheres
is oxidised from Co to Co4 to balance the change in charge. Li intercalates into the 
graphitic anode to form  LixC6. The Sony cell has a working voltage o f  3.6 V 8 which is three 
times the voltage o f comparable Ni-M H rechargeable batteries.
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The Sony LiCoCh cell has lead to a new branch o f energy research to find new  and better 
materials for the new style o f battery. Additionally, m arket dem and has evolved to make 
use o f  the small, light, high powered lithium batteries and consequendy also provides 
impetus for new  research ideas.
However, the cell that was originally designed by Sony in 1990 is no t perfect and several 
disadvantages m ean alternative materials are being sought. The m ajor drawback is the 
cathode, L iC o 0 2. Theoretically, Li from LiCoCh can be extracted fully to give Co(X  but 
this delithiated form o f the cathode causes oxidative decom position o f  the organic 
electrolyte liquid and corrosion o f  the current collector9. Oxidative decom position is no t 
only damaging to the cell itself, but several media reports o f  flammable laptop com puters 
and mobile phones are thought to have been the result o f  a fault in the battery charging 
control function resulting in overcharging, producing heat and thus decom position o f  the 
organic electrolyte. The violent destruction o f  one cell releases heat that accelerates the 
decom position o f  the neighbouring cells until all the cells have vented, often producing fire 
and smoke, as w itnessed in a conference in Japan and sparking a mass recall by several 
m anufacturers in 2006ln (Figure 1.2).
Figure 1.2 Mobile phone footage o f an exploding laptop battery pack at a conference in Japan10
Exploding laptops are by far the m ost extreme and least com m on issue with the LiCoCh 
cells. The cost o f Co is a limiting factor, as is its toxicity, which leads to problem s with 
waste processing. W ork has been done to overcom e these issues, making newer 
generations o f batteries safer, m ore cost effective and environmentally friendly. Solutions 
vary, including the use o f  solid electrolytes and alternative cathode materials.
Applications for secondary lithium batteries vary according to the type o f  materials used in 
the cell and are generally divided into high and low tem perature applications. Low 
tem perature (ambient) cells are those found in small personal electronics and laptops o f  the
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kind already discussed. They generally contain liquid based electrolytes, due to the low 
conductivity of solid materials at lower temperatures, and the Sony cell is a good example. 
These cells however, are not compatible with very low temperature conditions (< -40°C).
High temperature applications of lithium battery technology include military uses and 
power fluctuation levelling, requiring large amounts of power and flexible power delivery. 
LiPF6 is not stable at elevated temperatures and tends to decompose, particularly in the 
presence of organic solvents so alternative electrolytes are required. LiBOB (lithium 
bis(oxalato)borane) is compatible with current cathodic and anodic materials and is stable 
up to 300°C, making it a potential alternative to IiPF6n Alternatively, all solid state cells 
can be used as often solid electrolyte materials do not have sufficiently high conductivities 
at ambient temperatures, but are conductive enough at raised temperatures; examples of 
these will be discussed later; moreover, ideal solid electrolyte materials have a high 
conductivity (c?400°c ~ 0.1 S cm' 1) 12 at the operating temperature and a low conductivity at 
storage temperatures (ambient) so as to prevent self discharge during storage.
A cell currently used in high temperature applications employs a molten salt electrolyte and 
porous solid electrodes in which an electrolyte mixture has been incorporated. They 
operate over a range of 375-500°C4 as, under these conditions, the molten salt electrolyte 
enables high power densities and fast charge/discharge rates. Secondary Li/FeSx cells of 
this type use either FeS or FeS2 as the positive electrode, mixed Li-Al/Li5Al5Fe2 as the 
negative electrode and a molten liCl-LiBr-KBr/MgO electrolyte and are of particular 
interest for hybrid petrol-electric vehicles.
1.2.1 Battery materials
Successful battery materials are those which best fulfil requirements of the different 
functions of the electrochemical cell. Cathode materials are crucial to determining the 
working factors of the cell. The amount of energy a battery can store, and thus potentially 
deliver, is currently limited by the structure of the cathode material. Ideally, a cathode 
should have high lithium content, be electronically conductive and be able to undergo 
repeated delithiation and insertion without structural disruption. The Sony cell utilises 
LiCoO,, a layered oxide material which shows a number of excellent properties, but which 
presents the aforementioned problems.
Alternative cathode materials include LiN i02, which is structurally analogous with LiCoCh 
but without some of the problems of Co. However, this material was found to cause
similar decom position o f the electrolyte under excessive charging, making LiNiCh 
unsuitable for safety reasons. Extensive work is being done on L iF eP 0 4, olivine-based 
systems w hich are safer and cheaper than LiCoCh. However, the low electronic 
conductivity o f  the phase presents practical problem s, m ost com m only solved through the 
addition o f a conductive additive such as graphite. In  1996 N ippon  Moll, o f  Japan8, 
commercialised a cell with a Mn spinel cathode, LiMn20 4 which differs from  the cobalt 
cathode in that the structure is a 3-dimensional framework, which features a series o f  
tunnels that facilitate fast lithium ion conduction. The cost o f  M n is approximately 1% 
that o f  C o8 and is additionally m ore environmentally benign, offering significant 
im provem ents on the Co based cathode. A nother material, layered LiM nO ,, which is 
structurally related to LiCoCh combines the attractive structural features o f  LiCoCh with 
the lower cost and environm ental benefits o f  M n8. M ore recently, nanomaterials are under 
investigation as potential cathodes, examples o f  which are VCh nanorods13, used in 
conjunction w ith poly (-vinyl pyrrolidone) (PVP) and LiC104. Similarly, T i0 2 nanowires 
have also been proposed as the beginning o f  another avenue o f  exploration into new 
cathode materials14.
A node materials are formed predominantly by intercalation as they need to accom m odate a 
large quantity o f  Li+ w ithout undergoing significant structural disruption and maintain 
reasonable electronic conductivity. Thus, graphite is suitable as the layered structure allows 
accom m odation o f a large quantity o f  L i' (LiC6)8. Alternative anode materials include 
carbon in other forms such as “hard carbon” which is described as non-graphitised glass­
like carbon (Figure 1.3).
H ard Carbon Graphite
Figure 1.3 Illustration o f the difference between hard and graphidsed carbon adapted from W akihara review'^
N on-carbon based anodes in developm ent include In V 0 4, F e V 0 4 and M n \h 0 6 9. M ost o f  
the oxide based anode materials have been reported as becom ing am orphous on lithium 
intercalation and the initially promising Brannerite-type M nV20 6 shows a significant 
lithium retention (irreversible intercalation) which reduces the lithiation capacity9.
7
Stabilisation of these materials is required before they can be used as commercial anodes, 
and work is still ongoing at the time of writing.
The purpose of the electrolyte material is to separate the anode and cathode of a cell and to 
facilitate the movement of charged ions from one side of the battery to the other while not 
allowing the passage of electrons. Examples of electrolytes include liquids containing 
dissolved salts, ionically conducting polymeric materials and solid state fast ion conductors.
The principle requirements of a lithium battery electrolyte material include that it be: 
o electronically insulating,
o of high lithium ion conductivity, 
o chemically stable,
o lightweight and compact,
o easy to process and contain,
o easy to maintain a good contact between electrodes and electrolyte surface,
o cost effective with scale up and reuse taken into consideration,
o safe and environmentally acceptable both in use, to assemble and recycle.
The liquid based electrolyte system present in the Sony Cell consists of LiPF6 in an ethylene 
carbonate and dimethyl carbonate mixture soaked into a porous plastic film13. The film 
provides a physical barrier between the cathode and anode, and the IiP F 6 provides the 
migrating Li+ species8. The flexible plastic and liquid combination ensures an even, 
continuous contact with the electrodes, but can present processing challenges and is also 
hard to recycle. Other liquid based systems include IiC104 in propylene carbonate, a 
current commercial system9.
Polymer based electrolyte films can fulfil the function of the electrolyte and separator at the 
same time. Advantages of these “PLion” cells include the removal of potentially 
flammable organic solvents as well as improved energy density, as the materials are 
generally lighter than the film/liquid electrolytes and don’t require metallic packaging. In 
addition, the polymers can adapt to cell volume changes easily to maintain a good contact 
with electrodes.
Solid polymer electrolytes (SPEs) are typically a lithium salt dissolved in a high molecular 
weight polymer such as poly (-ethylene oxide)16; one of the highest conductivity systems 
containing (IiN(CF3S0 3 )2), leads to a conductivity of (J25=c = 10"5-10 "4 S cm"117. Dry SPE
materials are intrinsic electrolytes as they do not need an additional liquid based charge 
carrier. The conduction mechanism is thought to occur through coordination with ether
groups and the Li+ species with segmental motion moving the ions through the polymer 18"
20
A disadvantage of the dry polymer system is the crystallisation of the polymer at lower 
temperatures, causing a decrease in conductivity. Conductivities below 10~8 S cm"1 are of 
no practical use21 meaning that the polymers must be operated at elevated temperatures to 
avoid crystallisation. This consequendy reduces the number of suitable applications and 
makes this type of polymer electrolyte unsuitable for ambient temperature function. 
Additional work to improve this electrolyte type includes the introduction of side chains to 
the polymer backbone22, 23, blending of several polymers24 and the use of alternative l i  
salts17,25.
Gel polymer electrolytes, originally proposed by Feuillard and Perche26 are an alternative to 
dry polymer electrolyte systems. They comprise a traditional solid polymer component and 
a suitable duel function organic plasticizer, which provides a liquid like character, similar to 
the liquid electrolytes. This confers a higher conductivity and it also helps make the 
segmental motion of the chains easier, again improving the conductivity. An example of 
this type of electrolyte is that proposed by the SANYO company which uses a 
polymer/electrolyte ratio of 1 :10  by weight of ethylene carbonate/diethyl carbonate and 
LiPF6, which achieved a conductivity of G25oC ~ 5x10"3 S cm ' 1 and G„10=c ~ 2x1 O'3 S cm"1 27; 
these values are comparable with the current liquid systems. Generally, the addition of a 
polymer electrolyte to a lithium based cell design will not necessarily improve the function 
of the battery as the conductivity is inferior to the liquid systems, but it will improve the 
safety and have favourable manufacturing consequences. In general, the polymer based 
lithium cells are utilised in small scale applications at low temperatures such as mobile 
phones and laptops. New combinations of polymers, liquids and gels are quickly 
advancing this field to keep pace with market demand for smaller, faster charging, and 
longer lasting batteries.
The most recent new electrolyte family are the ionic liquids. These are non flammable, so 
safer than the organic liquid electrolytes, while still giving a high conductivity at room 
temperature. The potential window over which these systems are stable is sufficiendy large 
( 0 - 5  V) 28 to accommodate a wide range of different electrode materials. They are also
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stable at tem peratures >300°C and non-toxic 3 making them  viable in a variety o f 
applications.
The final type o f  lithium battery electrolyte forms the focus o f this P hD  thesis. These are 
solid state electrolytes, com m only made o f ceramic or glassy materials and displaying a 
variety o f  conduction mechanisms. These are mainly o f interest for high tem perature
tem perature conditions. Conduction through solids is a process by w hich a moveable 
species migrates through a structure w ithout causing the structure to change significandy.
im prove the conductivity through doping and processing techniques. Identification and 
understanding o f  the mechanism  by which ions m ove within the structure is the key to 
optimising that structure for the proposed application, and this key feature forms the basis 
for the w ork reported herein.
Conductivity generally increases with tem perature in accordance w ith the Arrhenius 
equation. Ideally, a material would show conductivity in the region o f a 25oC = 0.1 S cm"1 but 
many display lower conductivities. For com parison, the conductivity o f  NaCl, a “norm al” 
ionic conductor {i.e. no t a fast ion conductor), is in the region o f G25=c ~  10 13 S cm"1 29.
There are a num ber o f  different mechanisms by which ions m ove through a crystalline 
structure. These include vacancy conduction, where the ion moves from  its lattice position 
into a neighbouring equivalent vacant lattice position and interstitial ion conduction 
involving m ovem ent from  the lattice position to an additional unoccupied position (Figure
Figure 1.4 Illustration o f ionic conduction mechanisms, vacancy migration to the black square, and
interstitial migration to the orange circle
battery applications due to the generally low conductivity o f  the materials under am bient
The level o f  conduction available depends on the structure, m obile species and conditions. 
Materials identified as potentially useful for their conduction properties can be tuned to
1.4).
These two mechanisms belong to the model known as the “hopping m odel” and do not 
take into account m ore complicated movem ents. A tom s m ove through a solid by diffusion
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or ionic conductivity. Ionic conductivity occurs under the application o f  an external 
electric field, whereas diffusion occurs in its absence. The focus o f  this w ork will be on
The mobility o f  a species is an im portant factor to consider w hen optimising a material for 
conductivity and is a measure o f  the drift velocity in a constant electric field. The drift 
velocity describes the average velocity a charge carrier attains as a result o f  an externally 
applied electric field.
The m echanism  by which the charge carriers migrate is pivotal in finding the optim um  
com position for a material. W here charge is carried via a vacancy or interstitial mechanism, 
the available num ber o f  charge carriers will be dependent on the num ber o f  defects 
present. Therefore the conductivity is also dependent on defect concentration.
The “ho p ” from  one site to the next will occur along the pathway that offers the lowest 
energy. This will no t necessarily be a straight line, for example. Figure 1.5 shows the 
calculated migration pathway o f Li in L iF eP 0 4 (deduced through atomistic simulation) and 
the associated energy profile10. This shows that the site on which the Li started has the 
same energy as the site it ended up on, passing through an energy m axim um  in the middle.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance
Figure 1.5 Illustration o f migration o f Li ions in L iF eP 0 4 with P 0 4 tetrahedra in green, Li in blue and Fe in
orange.
The difference in energy between the m inim um  and maximum is the activation energy (EJ 
and can describe the tem perature dependence o f  the ionic mobility in Equation 1.2 where 
/L is a pre-exponential factor which depends on a num ber o f  tilings including the attem pt
ionic conductivity [p) as this is the relevant process for solid electrolyte materials and is 
defined by Equation 1.1 where n is the num ber o f  charge carriers per unit volum e, e is their
charge expressed as a multiple o f  the charge on one electron and / /  (m2 s-1 volt-1) is the 
ionic mobility.
(7 =  ne/d Equation  1.1
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frequency, (the number of times an ion attempts to move off site in a second), the distance 
the ion moves, and the size of the external field, T  is temperature (K) and k  is the 
Boltzmann constant.
M = Mo exp(- E a /k T ) Equation 1.2
Combining Equation 1.1 and Equation 1.2 produces Equation 1.3 which describes the 
ionic conductivity variation with absolute temperature, T. The <J0 term incorporates the n, 
M and e terms from Equation 1.1.
Plotting In cT  against 1 /T  produces a straight line with a slope of -Ea/R . where R is the 
gas constant.
1.2.1.1 Solid State Electrolyte Materials
Current solid state electrolyte materials encompass a variety of structures. The highest bulk 
conductivity has been recorded in the perovskite materials La2/3 J ^ T iC ^ 31, (g25oC = 1x103 
S cm"1 12), but the total conductivity is considerably less at (J25=c = 2x1 O'3 S cm"1 due to a 
large grain boundary contribution32. Therefore, typically these solid state electrolyte 
materials are targeted for the high temperature battery applications. The low electronic 
conductivity at room temperature (t^s’c -  1x10"8 S cm' 1 31) is also important as substitution 
with smaller rare earth elements causes a drop in conductivity due to the contraction 
around the lanthanide which reduces the space through which the Li+ ions can move. An 
example of this is the Pr containing material Pr0587Li024TiO3 which displays a bulk 
conductivity of G25oC = 4x10"5 S cm"1 32"34. The idea that the lattice contraction causes the 
drop in conductivity is further supported by the results from doping with Sr, which 
produces a small increase in bulk conductivity through expansion of the lattice 35. 
However, the reported high bulk conductivity is not sufficient to make this material 
suitable for lithium ion batteries as Ti is reduced to Ti3+ in contact with Li metal, 
intercalating Li into the lattice and increasing the electronic conductivity. To overcome 
this problem, a new perovskite material has more recently been reported, Li2xCa05_xTaO3 
(0.05 < x >  0.25), with a bulk conductivity of cr200OC ~ 10"6 S cm"1 36, which could be 
improved through substitution of Ca2+ with Sr2+ 37.
A second type of solid electrolyte system is the LISICON group, which began with the 
phase of composition Li14Zn(G e04)438. LISICON stands for Lithium Super Ionic
C onductor as the phase showed a conductivity, G3()0=c = 0.125 S c m 1. Li14Z n (G e 0 4)4 is a 
m em ber o f  the series Li2+2xZ n VxG e 0 4 (-0.36 < x > 0.87) 38, 3<J. However, while the 
conductivity is excellent at 300oC, it is considerably poorer at lower tem peratures as the 
m echanism  o f  conduction is interstitial based and the presence o f  these defects are highly 
tem perature dependent, so the conductivity drops to G25oC = 10 ' S cm  1 40. A range o f 
studies have been perform ed to investigate the nature o f the Li sites in these materials, 
including investigations into Li+/H ^  exchange in the x = 0.5, 0.75 phases and the parent 
material y-Li2Z n G e 0 4 41. It is thought that H + exchange with Li+ is possible in the highly 
conducting L ISIC O N  phases but not in the parent phase, which did no t contain any 
interstitial Li+, indicating the non-fram ework Li sites are readily exchanged. This further 
confirms the validity o f the interstitial based conduction m echanism  for the high 
conductivity in these materials. The low room  tem perature conductivity o f  the L ISIC O N  
materials is advantageous for high tem perature battery applications, as low conductivity at 
storage (low) tem peratures, and high conductivity at working (high) tem peratures is ideal. 
This is thought to be the result o f  the mobile Li+ species becom ing trapped by the 
immobile framework at low tem peratures 42.
The third system to be considered contains Li analogues o f the N A SIC O N  family, 
N a1+xZ r2P3 xSix0 12. The name is an acronym o f  N a r Super Ionic C onductor and is part o f  a 
group o f  materials first reported in 1976 43,44. The structure is based on corner sharing o f 
M 0 6 octahedra and P 0 4 tetrahedra, forming M2( P 0 4)3 units w ith channels through which 
the N a+ can m ove43 (Figure 1.6); the lithium analogue, Li3Fe2(X 0 4)3 (X =P, As)46, is o f  
m ore interest for this work. In  this material, it is possible to intercalate reversibly two Li+ 
per formula unit and so it has raised interest in them  as possible electrode materials; others 
w ith the general formula LiMTV2(P 0 4)3 have also attracted interest.
Figure 1.6 Illustration o f the N A SIC O N  framework in Na^Zr^(SiO^h with N a in green, Z r as grey octahedral
and SiO-i tetrahedra in yellow47.
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In the Li analogue of the general NASICON structure, there are two Li sites, designated I 
and II. In the stoichiometric IiM IV2(P04)3, only the I sites are occupied. Two types of 
solid solution in these materials have been investigated, Li1„xMIV2.xAvx(P 0 4)3 (MIV = Zr, Hf, 
Ti; Av = Nb, Ta) to reduce the Li content, and Li1+xMIV2„xMinx(P 0 4) 3 (MIV = Ti, Ge, Hf; 
Mm — In, Sc, Ga, Cr, Al, Fe) to increase the Li content 48"50. The highest bulk conductivity 
for the former was observed for Li01MIv11Av09(PO4) 3 (M = Zr, A =Ta), ct25=c = 6x1 O' 6 S cm" 
1 5°. However, these materials are very difficult to sinter effectively and so the total 
conductivity would be significandy reduced. For the latter systems, the Li1+xTi2„xMmx(P 0 4)3 
(Mm = Sc3+, Al3+) compositions produced the highest conductivities with a low 
temperature conductivity of G25=c = 7xl0"4 S cm"1 increasing to G300=c = 0.1 S cm"1 for the x 
= 0.3 member51. However, this material is unsuitable for lithium battery applications due 
to reduction of Ti44 to Ti34 in contact with l i  metal, and the very high low temperature 
conductivity would produce self discharge problems on storage.
More recent work done on the IiM vMm(P 04) 3 (Mv = Nb, Ta; M111 = Al, Cr, Fe) system has 
overcome some of the problems with the Ti based materials32. IiTaA l(P04) 3 showed the 
highest conductivity, <7350OC = 1x10"2 S cm"1, which is comparable to the Ti containing phase 
already discussed but with the advantage that Ta54 and Al34 are not likely to be reduced in 
contact with Li metal. Additional work on these materials has involved studies into the 
related sulphate systems, I ixMnxMIII2„x(S04) 3 (Mn = Zn, Ni, Mg; Mm = Fe, Al, Cr) 53’ 54. 
These analogues were found to have high conductivities with I i 05Mg05Fe15(SO4)3 
displaying the highest at <7200=c = 6.1x104 S cm"1. However, these materials present 
processing challenges as sintering was problematic due to decomposition of the samples at 
elevated temperatures.
There are a variety of other materials currendy of interest for lithium battery solid 
electrolytes. These include lithium metal halides, Li4Si04 related phases, Li5M 0 4 (M = Al, 
Ga, Fe), I i 2S 0 4 related phases, and Li3N related phases12. In addition, composites are 
being considered, which involve the combination of an insulating ceramic powder with a 
lithium ion conducting electrolyte material and a Lil-Al20 3 mixture, which shows 
significandy improved conductivity in comparison to Lil, was reported in 1973 55. Since 
then, various nanocomposite materials have also been predicted to produce an electrolyte 
with high conductivity56 and this was confirmed in the reporting of micro- and 
nanocrystalline composites of Li20-B 20 3 and Li20-A l20 3 which displayed improved 
conductivity57,58.
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1.2.2 Garnet related materials
The study o f  lithium  containing garnet related materials as potential solid electrolyte 
materials is the focus o f  this P hD  thesis. G arnet materials were first identified as fast 
lithium ion conductors by Thangadurai et a l ^ . P rior to this first report o f  Li ion 
conduction, the synthesis o f  a range o f high Li content garnet phases was published: 
Li5Ln3Mv20 12 (Ln =  La, Mv =  N b, Ta) w ith some X-ray diffraction based structural work. 
Initially, M azza6" proposed the structure o f  the Li5La3Mv20 12 (Mv = N b, Ta) garnets to be 
cubic, space group Ia3d. The natural garnet structure that these materials are related to has 
the general formula A 3B2B’30 12 where the A site is 8-coordinate, the B site is octahedral 
and the B ’ site is tetrahedral (A = Ca, Mg, Y, Fe or Ln; B and B’ = Si, As, Cr, Ga, Ge, Fe, 
Mn, N i and V 39). Naturally occurring garnets are neosilicates with Si in the tetrahedral site, 
forming a framework with the B site octahedra, an example o f  which is the red gem stone 
Alma dine, Fe3Al2(S i0 4)3. Mazza proposed that in the high Li content Li5La3M v20 12 
systems, L a1+ was on the A site, M 5+ on the B site, w ith three o f the Li ions on the B’ site 
and the rem ainder in octahedral sites not usually occupied in the natural garnet. The 
inclusion o f  La" in the garnet framework was novel as it had previously no t been found in 
this structure due to its large size. The overall structure, contains a netw ork o f  corner 
linked tetrahedra and octahedra, w ith the A cations occupying vacancies within the 
framework which allows ions to m ove easily within the material.
Indeed, it is interesting to note that the B2B’30 12 framework is very similar to that o f  the 
N A SIC O N  materials described earlier. Figure 1.7 shows the linked octahedral and 
tetrahedral structure, illustrating these similarities.
Figure 1.7 Natural garnet structure o f C aaG eT G O n with the A site (Ca) as green spheres, the B site (Sc) as 
yellow polyhedra, and the B' site (Ge) as blue polyhedra, space group Ia-3d61
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Following on from the initial stmctural work by Mazza, the structure was later proposed to 
belong to a lower symmetry space group, Ia2^3, following work using single crystal X-ray 
diffraction techniques on Li5La3Mv20 12 (Mv = Nb, Ta)62. Additional X-ray diffraction 
stmctural work was performed by Thangadurai et al, using Bond Valence Sum 
calculations63 which studied the plausibility of published stmctures and Li+ migration 
mechanisms in LigLa^M^O^ (Mv — Nb, Ta). This work, using the space group I213, 
indicated that there was a single partially occupied Li site (5/6 filled) and that a vacancy 
driven mechanism allowed Li+ to migrate through the stmcture via the partially occupied 
non-ideal site already mentioned.
As outlined above, there have been a number of contradictory stmctural studies on the 
LigLa3M \O j2 systems. This can be related to the low scattering factor of Li in X-ray 
diffraction and using this technique to identify the Li sites accurately is not ideal. Neutron 
diffraction helped to solve this problem and confirmed the symmetry of LigLa3M^20 ^  (Mv
= Nb, Ta) to be la 3 d 64. In this study by Cussen, the stmctural model showed two distinct 
Li sites, as had already been described; however, the octahedral site was distorted to form 
two closely spaced octahedral sites which could not simultaneously be occupied. Cussen 
suggested that this site would likely house mobile Li with conduction via the network of 
octahedral sites.
Since the stmcture has been elucidated, a variety of additional studies have taken place and 
neutron diffraction studies have confirmed that other compositions show very similar 
stmctures to the originally elucidated stmcture, including Li5Ln3Sb20 12 (Ln = La, Nd) 63' 66 
discussed in this report which were shown to contain Li in two sites, the ideal tetrahedral 
site, and a single distorted octahedral site.
Solid state NMR has recently been used to investigate the stmcture of Li5La3Nb20 12 67, 
finding that the two Li sites infers differing mobility within the stmcture with the work 
suggesting that the conduction mechanism is highly complex.
Doping studies have been carried out by a variety of groups including aliovalent doping on 
the Ln site to increase the Li content, e.g. Li5+xA xLn3Mv20 12 A = Ca, Sr, Ba, Mv = Sb, Ta, 
Nb, accompanied by both conductivity and stmctural studies. Stmctural studies indicate 
that the extra Li resides on the existing Li sites (Figure 1.8) although the distribution 
between the sites is variable depending on synthesis and processing conditions 59,68"71; data 
suggested that doping in this way improves conductivity.
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Figure 1.8 Structure o f Li6SrLa2Nb20i2 with L a/S r as purple spheres, N b as blue polyhedra, the ideal L il site 
as green polyhedra, and the distorted Li2 site as small green spheres
Studies into the relationship between conductivity and com position have also been 
reported by several groups. The results suggest that the cubic garnet structure shows a 
high lithium ion conductivity, typically in the region o f c t 2 5 c C  ~ 10 '6 S cm  ' 68 for a 
com position containing 6 Li, for example, LiriSrLa2N b 20 12. The suggestion is that the 
octahedral site contributes m ore to the conduction pathway than the tetrahedral site but 
this has proved difficult to confirm  conclusively 59> 63> 66"68>70- 72-74_
D oping on the M site to increase the Li content further has produced som e interesting 
results. O ne group synthesised a Li7La3Z r20 12 phase  ^ w hich showed exceptionally high 
bulk conductivity o f  o ,25oC = 4.67x10 4 S cm 1 with a slightly reduced total conductivity due 
to the grain boundary contribution. However, in this P hD  thesis, a related tetragonal 
Li7La3Sn20 12 phase which displayed very low conductivity, in the region o f (J200oC ~  10"3 S 
cm"1 76, is reported. The tetragonal garnet structure is unusual and until now  has n o t been 
reported in the lithium containing systems. Recently, data have also been published on a 
tetragonal Li7La3Z r20 12 sample,77 showing the complexity o f  these garnet systems, and 
suggesting the sample symmetry is affected by synthesis conditions.
W ork into the optimisation o f these garnet materials is gathering pace. The flexibility o f  
the system means that many com positions are possible and understanding the conduction 
mechanisms at work will allow full optimisation o f the materials for the high tem perature 
Li battery applications.
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1.3 Project objectives
Lithium-containing garnet materials have only recently been identified as potential 
electrolyte materials for high temperature lithium ion batteries. At the beginning of this 
project, the structure of these materials was still controversial with several groups 
proposing different models. The work done by Cussen64 using neutron diffraction largely 
ended the controversy but the conduction mechanism was still not understood.
This project aimed to learn more about these materials in order to understand better the 
mechanisms at work and to optimise the materials for high temperature battery 
applications. In order to achieve this, synthetic studies were performed to produce samples 
of lithium containing garnets with the formula I i 5Ln3Mv20 12 (Ln = La, Pr, Nd, Sm, Eu; Mv 
= Nb, Sb, Ta). This range of samples would identify the limits of the system to 
accommodate small lanthanide ions and establish the relationship between the size of the 
lanthanide and the conductivity of the sample. In addition, adding a range of different 
metals on the Mv site allows study into the change in structure and function as the Mv 
cation changes. A large proportion of the previous work has been carried out on Nb and 
Ta containing materials and therefore the focus was on materials where Mv = Sb in order 
to compare these to the existing reported compositions. Elements were chosen for their 
most stable oxidation state and for the ionic size to ensure the structure would be stable 
with that element incorporated.
Doping studies were carried out on a range of materials from the initial synthetic study in 
an attempt to raise the Li content of the material and accordingly increase the conductivity. 
These included doping both on the Ln and Mv site to produce, amongst other 
compositions, Li5+xA xLn3„xMv20 12 (A = divalent) and I i 5+xLn3Mv2„xMIvx0 12 (MIV = 
tetravalent). Dopant species were chosen based upon their most stable oxidation states 
and corresponding ionic radii to ensure the dopant ion would preferentially locate on the 
desired site. Lower oxidation state dopants on the A site allowed additional Li content for 
charge balancing purposes. Studies into increasing lithium content were performed in the 
hope of increasing conductivity and establishing the link between conductivity and Li site 
occupancy, shedding light on the likely conduction mechanism.
Owing to the likely loss of Li during high temperature synthesis, synthetic studies were 
carried out to determine the nature and extent of the non-stoichiometry that the structure 
can accommodate. This included Ln deficiency (Li5+3xLn3„xMv20 12), Mv deficiency
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(Li5+5xLn3Mv2.x0 12) and both Mv and Ln deficiency while maintaining the ratio between the 
two (Li5+9 5^ 03^ 5xMv2.x0 12) . The non-stoichiometry is important as during use as a battery 
material, surface reactions may occur between the electrolyte and the anode or cathode 
material. While the nature of these reactions is not predictable as they depend heavily on 
the cathode or anode in use, establishing how “easily” the materials cope with a level of 
non-stoichiometry while maintaining conductivity is important for battery function.
It is also important to examine the effect of the temperature and atmosphere on the 
stability of the materials, and whether these treatments change the sample in any way. 
Likely changes include altering the conductivity, as is observed in the LISICON materials 
already discussed, absorption of water and/or C 0 2 and rearrangement of the Li ions within 
the Li sites. This will also help determine the likely behaviour of these materials under 
manufacturing conditions and storage, both of which are highly important in commercial 
battery materials. In addition, changes that may occur, such as phase changes, may also 
indicate features of the structure not previously appreciated.
Structural studies on a selected range of samples were carried out using neutron diffraction 
analysis to determine the differences in structure with a range of compositions and at a 
range of temperatures. The samples examined covered a range of Lithium contents, 
including 7I i 5Ln3Mv20 12, 7Li6ALa2Mv20 12 and 7Li7Ln3MIV20 12 (A = Sr, Ca, Ba; Mv = Nb, 
Sb, Ta; MIV = Zr, Sn). This enabled the comparison of structural models and further 
identified structural differences that occur with Li content which in conjunction with the 
conductivity data may indicate a potential Li conduction mechanism.
The overriding aim of this project is to further the understanding of this lithium containing 
garnet related system with potential applications as high temperature lithium battery 
electrolytes in mind.
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2.1 In tro d u c tio n
T hroughout chemical research, the process o f  understanding new  substances follows the 
same general order o f  work. Initially, synthesis is attem pted using known techniques or 
m ethods from  literature sources. Analysis techniques are then used to establish w hether 
the anticipated material has been produced; if this has no t happened, modifications are 
m ade to the original synthetic m ethod until the desired result is achieved. Additional 
analysis can take place on the synthesised material which is generally regarded as 
“characterisation” and encompasses a very wide range o f  techniques and m ethods usually 
specific to the particular area o f  chemistry.
In this project, typical solid state chemistry m ethods and techniques were used. The 
program m e o f  synthesis and characterisation is illustrated in Figure 2.1 to show the 
processes that led to the results discussed in this thesis.
X-ray
Diffraction
Is the sample pure?
Novel family o f 
com positions, 
interesting structural 
features etc.
All novel 
com positions
N eutron
Diffraction and N M R
Detailed structural
characterisation
Yes
N o
Synthesis steps
Conductivity
H ow  well does it 
conduct Li?
Figure 2.1 Illustration o f the synthesis and characterisation process for solid state lithium ion
conductors
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2.2 High temperature synthesis
There are a wide variety of synthetic methods that can be employed when preparing 
ceramic samples and the technique favoured usually depends on the requirements of the 
material or its desired physical properties. For example, it is possible to reduce particle size 
effectively using a planetary ball mill (to around 1 pm1) but if a very small particle size is 
required, a lower temperature sol-gel route is often preferred.
The methods used in this study were based on traditional “shake and bake” techniques and 
this is described below. Dried high purity starting materials, typically oxides or carbonates 
are weighed accurately on an analytical balance; stoichiometric ratios are used unless there 
is a need for one reagent to be in excess. In the synthesis of lithium containing materials at 
high temperatures (above 850°C ± 5°C) it was observed that lithium volatility affected the 
samples and so in these samples 5-50% excess Li was added at the initial combination stage 
and also later in the synthesis as required. Reagents were intimately ground using an agate 
pestle and mortar until the mixture was homogeneous. It was then heated in an alumina 
crucible for a predetermined time, typically from 1.5 hrs to 14 hrs. The heating regime was 
dictated by the material and altered according to requirements.
Once the initial heating was complete, it was generally necessary to press the sample as a 
pellet (13 mm diameter pellet, 10 tonnes pressure). This further reduced the lithium 
volatility and helped to sinter the sample for conductivity measurements. To further 
improve the Li retention, the crucibles were topped with other crucibles to form lids. 
These were not tight fitting to allow for expansion and contraction of the vessels but 
created a partially contained chamber in which a partial pressure of Li could be created. 
The sample was generally re-ground, phase analysis performed, and the sample re-pressed 
before additional heating was carried out.
A typical programme for lithium-containing garnet materials would be adding 10% excess 
Li at the beginning of synthesis, then heating at 700°C ± 5°C for 14 hours as a 
homogenous powder, 900°C ± 5°C for 3 hrs as a pellet in a crucible with a lid, repeated 
twice and 950°C ± 5°C for 1.5 hrs as a pellet with a lidded crucible. All the heating regimes 
in this study were based around the above series with modifications as required to produce 
single phase samples. This technique is quick, easy and largely effective for the materials 
being studied for this report 2'u .
26
2.3 Characterisation techniques
2.3.1 Powder diffraction
Both X-ray diffraction (XRD) and neutron powder diffraction (NPD) analysis were 
extensively used in this project and in order to fully understand their utilisation in this 
context some discussion of the crystallography behind these techniques is required.
2.3.1.1 Crystallography
Crystalline materials are formed of a 3-dimensional array of atoms. These are arranged in 
repeating units, the smallest iteration of which is known as the unit cell. When 
characterising a sample, it is the unit cell that is considered and the average structure 
determined using either XRD or NPD. The dimensions of the unit cell are known as the 
cell parameters and describe the lengths of the sides of the cell and the internal angles 
between these axes (Figure 2.2); a, b and c represent the lengths of the axes and a, the angle 
between b and c, [3 the angle between a and c and y the angle between a and b.
C
b
Figure 2.2 Diagram to illustrate unit cell dimensions
There are seven possible unit cell shapes or crystal classes, shown in Table 2.1 in order of 
decreasing symmetry. In order to classify a unit cell into one of these classes, the 
relationship between the lattice parameters is considered, each class having its own rules. 
However, the shapes are limited by symmetry requirements.
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Table 2.1 The seven crystal classes
Crystal Class Relationship between parameters
Cubic a = b -  c a  = P = y = 90°
Trigonal /  Rhombohedral a = b = c a  = P = y ^  90°
Hexagonal a = b ^  c a  = p = 90° y = 120°
Tetragonal a = b ^ c  a  = p = y = 90°
Orthorhombic a ^ b ^ c  ct = p = y = 90°
Mono clinic a ^ b ^ c  a  = y = 90° P ^  90°
Triclinic a ^ b ^ c  a ^ P ^ y ^ 9 0 °
There are also four different types of unit cell relating to the placement of lattice points 
within the cells, given in Table 2 .2 . These points are not necessarily where atoms will occur 
but are important for symmetry descriptions.
Table 2.2 Types o f  unit cell
Type of cell Description of lattice points
Primitive (P) Contains one lattice point at each corner
Body Centred (I) One lattice point at each corner and one in the centre
Face Centred (F) One lattice point at each corner and one in the centre of each 
face
Face Centred (A, 
Bor C)
One lattice point at each corner and a pair in opposite faces, e.g. 
A has a point in centre of be faces
When these four unit cell types are combined with the seven crystal systems discussed 
previously, 14 Bravais Lattices are created. These lattices are limited by the symmetry 
requirements of the crystal classes which prevent the combination of all the types and 
classes. The 14 Bravais Lattices are described in Table 2.3.
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Table 2.3 The 14 Bravais Lattices
Unit Cell Class Allowed Unit Cell Type
Cubic P, I, F
R hom bohedral P
Hexagonal P
Tetragonal P ,I
O rthorhom bic P ,I ,  C ,F
M onoclinic P ,C
Triclinic P
The position o f lattice points w ithin a unit cell is described using a fractional coordinate 
system. The position along an axis ranges from  0 to 1 where 0 is the origin w hich can be 
taken anywhere in the cell but is conventionally in the far bo ttom  corner (Figure 2.3). The 
coordinates are represented by x , j  and y with atom  positions at x  x a ,y  x b and % x f. A 
point w ith the coordinates (0.5, 0.25, 0.75) would appear half way along the x axis, a 
quarter o f  the way along the y axis and a three quarters o f  the way along the z axis.
z
c
Figure 2.3 Illustration o f the cell indicating the origin circled in blue
As an alternative to describing the position o f  every atom  in the unit cell, a smaller cell can 
be used, known as the asymmetric unit cell. This is the smallest collection o f lattice points 
to which a symmetry operation can be applied to  generate the full unit cell (Figure 2.4). 
These symmetry operations are known as the 32 point groups, w hich can be com bined 
with the 14 Bravais lattices to give 230 space groups which describe the full symmetry o f  a 
structure using symbols to denote the different symmetry elements o f  the group.
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Figure 2.4 Illustration o f the relationship between the asymmetric unit cell and the unit cell
W ith the space group, atomic positions and cell param eters, it is possible to describe fully 
the average structure o f a phase and this is the accepted inform ation reported in scientific 
literature w hen describing new materials.
2.3.1.2 X-Ray D iffraction (XRD)
The technique was first devised in 1913 by W. L. Bragg and W. H. Bragg13 as a result o f  the 
discovery o f  X-ray diffraction by crystals in 1912 by Max von L aue16. X R D  is a very widely 
used characterisation techniques in solid state chemistry. It is useful for phase 
identification, structural refinem ent, lattice strain, ordering studies and average crystallite 
size determ ination to name a few, and is routinely used in w ork on a range o f  materials 
from  ceramics to clays and composites.
2.3.1.2.1 Generation of X-rays
X-rays are high energy electromagnetic radiation typically between 200 eV - 1 MeV. The 
wavelength o f  X-rays used in X RD  is 0.05 nm  - 0.25 nm  and the interatom ic spacing o f 
materials typically o f  interest is in the region o f  0.2 n m 17, m aking X-rays particularly 
effective for this purpose.
X-rays are generated in an X-ray tube; an evacuated reinforced glass/ceram ic tube w ith a 
tungsten cathode at one end which is heated to produce electrons. These are accelerated 
from  the cathode by a high negative potential and im pact on the anode which usually is at 
ground potential. The high velocity electrons release energy on collision with the anode,
1 % o f which is converted to X-rays, the rest thermal energy. The anode is usually water 
cooled to dissipate the heat and prolong the useful life o f  the tube.
A range o f  X-ray wavelengths is produced for each accelerating potential as the im pacting 
electrons do not all release their energy in the same way w hen they interact with the metal
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atoms in the anode. This white radiation is called the ‘Brem sstrahlung’ radiation and is not 
generally used in X-ray diffraction.
The m ost useful radiation is obtained from incident electrons that have enough energy to 
eject an inner shell electron from  the atom  with which they collide. This atom  becomes 
exited and has a hole in one o f  its electron shells. A n outer shell electron dropping down 
to fill this hole releases energy w ith a wavelength corresponding to the difference in energy 
between the two levels. This radiation is characteristic o f  the target metal and produces 
sharp lines superim posed on top o f the Brem sstrahlung continuum  (Figure 2.5).
c<D
Wavelength
Figure 2.5 X-ray spectrum from the bom bardm ent o f Cu with high energy electrons
The shell nam ing convention is historically based on the B ohr m odel o f  the atom. All 
shells except the K  shell have subshells, L is split into L,, LTI and Lm w here the dropping o f  
an electron from  Lm to K  produces K al peak and Ln to K  produces K a2 (Figure 2.6).
Figure 2.6 Illustration o f the electron transitions leading to K a  radiation from a Cu atom, adapted from  18
Commonly, m onochrom atic X-rays are required so a m onochrom ator is fitted to the X R D  
instrum ent. O ne o f  two com m on m onochrom atic m ethods can be used -  a metallic foil or 
crystal system. The foil m onochrom ator works by passing the incident X-ray beam
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through foil m ade o f metal where the absorbtion edge lies between the K a and K(3 
wavelengths, such as using a N i foil w ith a Cu tube. The crystal m onocrom ator generally 
uses graphite or germanium  crystals that has known lattice spacing, oriented so that it only 
diffracts the K a  radiation. The com bination o f a Cu tube and a crystal m onochrom ator is 
a popular one for solid state chemistry work as the wavelengths produced allow a wide 
range o f  materials to be studied with a single instrum ent set-up.
2.3.1.2.2 Scattering
Max von Laue was the first to identify the potential o f  using a crystal structure to diffract 
X-rays, dem onstrating this w ith beryl and a photographic plate19 in 1912. W hen an incident 
beam  o f  X-rays reaches an atom  it causes the electrons in that atom  to oscillate; for when 
electrons lose energy to create the X-ray beam, these electrons gain and lose energy from 
the beam  and emit X-rays too (this process is known as scattering). W hen the wavelength 
o f the incident beam  and the wavelength o f  the diffracted beam  are the same, the process is 
term ed elastic scattering as the electrons in the atom  have em itted the same am ount o f  
energy as was absorbed.
Figure 2.7 shows how  the scattering o f two incident beams can differ. In  this case, the 
beams scattered by electrons A and B in the forward direction would be in phase as they 
have both  travelled the same distance before and after scattering, so the amplitudes will add 
up (wavefront X). The other scattered beams will not arrive at the detector in phase 
because they do not travel the same distance as each other and the difference in distance is 
no t a whole num ber o f  wavelengths (wavefront Y). The amplitudes o f  the Y w avefront 
will be less at the detector than the completely constructively interfering beams (X).
Figure 2.7 Scattering o f x-rays by an atom, adapted from 17
The scattering o f  X-rays differs for each elem ent and gives rise to the atomic scattering 
factor (f), a measure o f  the X-ray scattering strength o f an element. This is given in 
Equation 2.1.
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Amplitude of wave scattered bj an atom Equation 21
/ =    ----------------------------------------------
Amplitude of wave scattered by one electron
Thus the scattering factor increasing with atomic number gives some indication of a 
weakness of the XRD technique when studying lighter elements as they will scatter X-rays 
less strongly than heavier atoms and therefore will be harder to see in the presence of 
heavy atoms such as Lanthanides. This is one reason why additional structural 
characterisation is required in the form of neutron powder diffraction (Section 2.3.1.3).
2.3.1.2.3 Bragg’s Law
Max von Laue used his experiments to construct a series of equations (Equation 2.2) to 
describe a structure from its X-ray diffraction pattern16. He viewed the crystal structure as 
a regular array of atoms which form a 3 dimensional diffraction grating. His equations 
considered rows of atoms of spacing a occurred on the x axis, spacing b on the y axis and 
spacing c on the 2 axis. In order for constructive interference to occur the path difference 
between incident and diffracted beams must be a whole number of wavelengths which led 
to Equation 2.3 20, where an is the angle of the diffracted beam and aD is the angle of the 
incident beam and nx is an integer (the order of diffraction). (3n, (30, yfl, y0, ny and nz are 
similarly described. This approach, while mathematically correct was cumbersome to use, 
as six angles, three lattice spacings and three integers needed to be determined.
nxX  =  tir(coscif„ -  c o s a j
nyX  =  6 (COS P n -  COS P 0 )  Equation 2.2
n:X  =  c (c o s y n -  cosy,)
A simpler method was then derived by W. H. Bragg and W. L. Bragg who saw the crystals 
as being composed of lattice planes which reflected X-rays (where the angle of incidence 
equals the angle of reflection). When the spacing between successive planes provided a 
path length equal to a whole number of wavelengths the ‘reflections’ would undergo 
constructive interference. While this is somewhat an oversimplification, geometrically it is 
correct and gave rise to Bragg’s Law (Equation 2.3)1S.
nX  =  2rito/ sin 0  Equation 2.3
The indices used to describe these reflective planes were named after W. H. Miller who 
first proposed their use in 183920, although their importance was not fully understood for 
many years. The indices h, k and 1 are given by the reciprocal values of the points of
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intersection o f the plane on the a, b and c edges o f a unit cell. So the (210) plane intersects 
the a edge at 0.5, the b edge at 1 and the c edge at °o, Figure 2.8.
Z
C
Figure 2.8 Illustration o f a (210) plane in a cubic unit cell
The Miller Planes are taken as the plane closest to the origin w ithout passing through it. 
The perpendicular spacing between a set o f  planes is known as the dhkl spacing where hkl 
denotes which set o f planes is being studied.
The Miller planes are referenced only to the unit cell. It is no t usually the case that planes 
o f  atom s occur in the same place as the lattice planes. For a given set o f  lattice planes, 
diffraction o f  X-rays from  the atoms in the cell will interfere constructively and be 
observed as a peak in intensity so long as Bragg’s Law is obeyed (Figure 2.9).
Figure 2.9 Diagram illustrating Bragg's Law
The interplanar spacing for each set o f lattice planes can then be determ ined from  the 
variation o f  d while A remains constant. A plot o f  26 against intensity gives a characteristic 
pattern for any given crystalline material.
2.3.1.2.4 The X-Ray Diffractometer
The arrangem ent o f a powder diffractom eter is fairly standard due to the requirem ents o f 
Bragg’s Law as discussed previously. The angle between the plane o f  the sample and the 
source is 6 and the angle between the source and detector is accordingly, 20. This is known 
as 6-26 geometry, where the source is fixed in position, and the sample holder and detector
34
m ove around by 0 to ensure focussing o f  the X-ray beam. Typically, a diffractom eter can 
m easure from ~ 1° - 140°.
F ocussing  
Circle V "
X-ray > 
Source Detector
Measurin 
Circle ^
Sam ple
Figure 2.10 Diagram o f the geometry o f an X-ray diffractometer where the source and detector can rotate
around the sample, adapted from 17
Figure 2.10 shows the general geometry o f a diffractometer. The focussing circle dictates 
where the X-rays will be focused before entering the detector. The radius o f  this circle 
changes as the com ponents move, increasing as 20 decreases. T he sample is in the centre 
and the source and detector lie on the circumference. It is this m echanism  that allows 
m ovem ent o f  the sample and detector relative to the source.
In  order to observe the planes o f a crystal, X-rays diffracted from  them  m ust interfere 
constructively. Consider a primitive cubic unit cell, the simplest cell shape. For this system, 
the spacing o f these planes is given by Equation 2.4.
, a
hkl ~  ( h 2 + £ 2 + / 2 ) E quation  2.4
W hich w hen com bined with the Bragg equation, gives Equation 2.521.
s i n 2 9hk, =  —— (/? +  k~ + / 2 ) E quation 2.5
For the primitive cubic cell, all values o f  h, k  and I are possible. However, w hen calculating 
the hk l  values in order o f  increasing value o f  (h2+ k2+ f) some steps are missing. T here are 
no integral values for (h2+ k2+ f) = 7, similarly for 15, 23 and 28, etc. (Table 2.4).
35
Table 2.4 Series of hkl values for a primitve cubic cell
100 110 111 200 210 211 220
( y + ^ + / ) i 2 3 4 5 6 8
However, w hen studying materials that are no t primitive cubic systems, extra absences, 
know n as systematic absences, occur due to the additional centring. For example, consider 
a face centred cell Figure 2.11 with the (200) planes highlighted in green and the (100) 
planes highlighted in yellow. The reflections from  the (100) plane will be exactly out o f 
phase w ith the reflections from  the (200) plane. X XT
Figure 2.11 Two face centred unit cells with the (200) plane in green and the (100) plane in yellow, adapted
from 21
This occurs throughout the crystal as there are equal num bers o f  bo th  planes, so no (100) 
reflection is seen. It is determ ined that in a F-centred system, an observed reflection m ust 
be from  a plane with indices that are either all odd or all even. Similarly, for a body centred 
system, the sum o f  the indices m ust be even for a reflection to be observed. Systematic 
absences such as these are applicable to all crystal systems, n o t just cubic, and can be used 
to derive inform ation about the nature o f the material being studied.
Systematic absences can also be caused by other symmetry elements w ith translational
com ponents. These are the screw axis and the glide plane and their detection can be
achieved by analysing the systematic absences in an X-ray pattern. A twofold screw axis
(2t) along the z axis (Figure 2.12a) results in a plane o f  atoms betw een the (001) planes.
This will interfere destructively with reflections from the (001) planes because it is exactly
half way between them, so the reflected wave will be exactly out o f  phase. This is also the
case for all instances where 1 is odd. Glide planes effectively halve the cell length in the
glide direction. Figure 2.12b shows a glide plane perpendicular to h w hich would cause the
(101) reflection to be absent because the new plane is half a cell length distant from  the
(101) plane and therefore exacdy out o f  phase. In these cases, it is only w hen h is even that
(Â01) reflections can be observed. Unit cell indexing becomes increasingly complicated w ith
increasing size and decreasing symmetry o f  the cell. It is possible to use fairly simple
com puter program s to index highly symmetrical cells such as cubic, hexagonal and
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tetragonal but the lower the symmetry, the m ore peaks will start to overlap and the harder 
indexing becomes.
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Figure 2.12 Diagram representation o f a screw axis and a glide plane, adapted from21
A developm ent in this field originally for neutron diffraction is called Rietveld refinem ent 
and takes into account the overlapping peaks as well as the intensities and will be discussed 
in Section 2.3.1.3.1. D uring this project, UnitCell.exe22 was used to refine simple cubic and 
tetragonal patterns. Unitcell.exe uses a non-linear least squares m ethod to fit the data 
w ithout an initial estimation o f the cell parameters. Regression diagnostics also allow 
identification and removal o f  deleterious reflections. However, as the pow der pattern data 
the program  requires is simply the [hkl) values and peak positions, the output cell 
param eter is only as good as the m ethod by which the peak position was originally 
ascertained. This makes this program  unsuitable for peaks showing anisotropy, very broad 
peaks and those peaks that overlap significantiy.
W hen calculating cell parameters from X RD  data, usually the largest, sharpest peaks are 
used. The size o f peaks, their intensity, is an im portant factor to consider in analysis o f  
X RD  data. There are several factors that influence this to  produce the final pattern: the 
first is the num ber o f  electrons that diffract the X-rays. As has already been discussed, the 
m ore electrons there are, the stronger the diffraction will be, m eaning that X RD  patterns 
are often dom inated by the heavier atoms in a given com position. This can cause 
problem s in determ ining structural characteristics if  a phase has some light and some heavy 
elements. F or example, many o f the phases in this report have the general formula 
LigLn^MoO^ (Ln = Lanthanide, M — N b, Ta, Sb) so it becom es difficult to locate the 
lighter Li and O sites from  X RD data. This issue is resolved by using a different technique, 
neutron diffraction, which is discussed in Section 2.3.1.3. In addition, reflection 
multiplicities play a large role in determining peak intensity. I f  there is m ore than one 
reflection contributing to a given peak, the intensity will be higher. For example, in a
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tetragonal system, where a and b are equal, the (402) peak will also be contributed to by the 
(042) reflection.
Crystallite size and shape will also affect the observed peaks. In powder diffraction it is 
assumed there is random orientation of particles in the powder sample, covering each 
possible orientation of the unit cell so as to collect data from each available plane. 
However, samples that have especially large particles or those that are planar or flakey 
shaped, tend to undergo “preferred orientation” where the particles orientate in the same 
direction, removing the random contribution. This means the probability of observing 
each lattice plane changes, altering the peak intensities away from the expected values and 
this can be modelled during Rietveld Refinement to take the effects into account. 
Polarisation effects can also influence the observed pattern, which occurs where the sample 
partially polarises the x-rays, reducing the intensity of the diffracted beam by a factor of 
(1+cos22^)/2. This depends on the sample and is not always observed, but will increase 
peak intensities at very high and low angles, relative to those at intermediate angles.
External factors can also influence the observed pattern and an example is the angle of 
incident X-rays. An atom is not an infinitely small point in space; it has “size” which 
means X-rays incident on one part of the atom will diffract slightly differently to those 
incident on another part. At low angles, the difference in phase caused by this is small, but 
at higher angles, the phase separation increases, culminating in destructive interference. 
This means that peaks observed at high 26  values have a lower intensity (Figure 2.13). 
Temperature also affects peak intensities because, at temperatures above absolute zero, 
atoms vibrate. The nature of this vibration, isotropic or anisotropic, affects peak intensity. 
This is calculated during Rietveld Refinement as thermal displacement parameters.
The instrumentation utilised in this project was the PANanalytical X’Pert Pro 
diffractometer (Figure 2.14) with a ceramic Cu “Long Fine Focus” X-ray tube and a curved 
crystal monochromator for IQ, radiation. An X’Celerator detector was also used. High 
temperature measurements were carried out in air using an Anton Paar HTK-1200N 
furnace stage with a TCU 1000N temperature control unit.
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Figure 2.13a) Observation o f  intensity reduction with increasing angle b) Illustration o f intensity reduction 
with a high angle o f incidence in blue and a low angle in red
Figure 2.14 The XRD instrum entation used during this project
2.3.1.3 N eutron  diffraction
N eutron  diffraction (ND) is different to X RD  as in this technique; neutrons are diffracted 
through interactions with the nuclei o f  the atoms, as com pared to X-rays, which diffract 
from  the electron clouds. This means that the factors governing the strength o f  scattering 
from  a given atom  is no t just dependent on its size, making lighter elements, such as Li and 
O  easier to locate reliably. In addition, the nuclei are m uch smaller than the electron 
clouds so the reduction in intensity o f  peaks for high incident angles is significantly 
reduced, m eaning neutron diffraction can measure to a m uch lower ^-spacing than XRD. 
In com m on with XRD , neutron diffraction can be carried out on single crystals or 
powders, although in this report it is only neutron pow der diffraction that is discussed as 
single crystal diffraction was not used.
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The two main types of ND are “constant wavelength” and “time-of-flight”. Operating in a 
similar fashion to XRD, “constant wavelength” ND uses neutrons where the wavelength is 
of the same order of magnitude as the inter-atomic spacing of the crystalline sample 
(Equation 2.6) where X = neutron wavelength, h = Planck’s constant, m = neutron mass 
and V = neutron velocity). These neutrons are extracted from a nuclear reactor and passed 
through a monochromator before reaching the sample. In this technique, the wavelength 
remains fixed and the angle of incidence is varied throughout the experiment. The data 
obtained are plotted in the same way as for XRD, with intensity against 20  angle.
, h
A — 7 x Equation 2.6
[mv)
Time-of-flight ND was used during this project and this differs from “constant 
wavelength” in that the angle of incidence is fixed and the wavelength is effectively allowed 
to vary. The neutrons are extracted from a pulsed neutron source and are timed between 
the source and the detector to determine the wavelength of the neutrons. Equation 2.7 
(where t = neutron flight time over a path length L) is used to determine the wavelength of 
the neutrons, which can be used with Bragg’s law, discussed in Section 2.3.1.2.3 to 
determine the ^-spacing of the reflection and enable the plotting of intensity against d- 
spacing.
„ ht
Equation 2.7
The pulses of neutrons are generated as follows: a beam of negatively charged hydrogen 
ions are accelerated and focussed before passing through a thin foil which removes the 
electrons and passes a beam of protons into a synchrotron accelerator. These protons are 
accelerated further and separated into two bunches. Once the bunches have reached 84% 
the speed of light, they exit the synchrotron and are guided into collision with a tungsten 
target, producing neutrons, each proton resulting in the production of 2 0  neutrons from 
the target.
The two instruments utilised in this project were the high resolution powder diffractometer 
(HRPD) and POLARIS instruments. HRPD is a very high resolution, lower intensity 
instrument and collects data using two banks of ZnS scintillating detectors: a backscattered 
bank (160o-176°), 90° bank (80o-100°), and a 3He based detector, the low angle bank (28°- 
32°). In the majority of data analysis, only the backscattered and 90° bank data are used 
due to the higher resolution of these banks in relation to the low angle bank. HRPD also 
utilises a chopper in the beam as there is a particularly long path from the source to the
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sample. The chopper is a disk of material with slits in it that spins at a precise rate so as to 
chop the beam between pulses and prevent fast neutrons from one pulse catching up the 
slow neutrons from the previous pulse. The POLARIS instrument is a higher intensity, 
lower resolution instrument which is situated closer to the target to take advantage of the 
high energy neutrons. This instrument utilises four data collector banks, two ZnS banks, 
the 90° bank (85° - 95°) and the very low angle bank (13° - 15°). The other two banks are 
3He gas tube detectors making up the backscattered bank (130° - 160°) and the Low Angle 
bank (28° - 42°). During analysis of data collected from this instrument, it is only the 
backscattered and 90° data that are used, as these are of the highest resolution.
Prior to analysis, samples are placed in vanadium cans which are transparent to neutrons. 
Large samples are traditionally required although advances in technology including new 
wave guides mean a higher intensity beam reaching the sample, so increasingly smaller 
samples can be measured. Samples can be measured under a variety of conditions, 4K 
using a cryostat cooled with liquid He or heated in a furnace stage while measurement takes 
place. In some cases, these measurements result in additional peaks resulting from the 
stage itself although care must be taken to establish the cause of any unexpected peaks 
observed.
When planning a ND experiment, the neutron absorptions of elements are an important 
consideration. For example, 6I i  has a high absorption cross section23 of 940.0(4)xl0"24 cm2 
this means that it is capable of absorbing neutrons strongly, while for 7Li the absorption 
cross section is low (0.0454x1O'24 cm2)23. Even though natural abundance Li is 92.5% 7I i, 
this high cross section for 6I i  would reduce the quality of the data. Therefore, 7Li enriched 
starting materials are used when synthesising samples for neutron diffraction.
While the high absorption cross section of 6Li is problematic, other isotopic effects can be 
more useful. For example, when studying proton incorporation, it is possible to take 
advantage of the large difference in scattering between the H and D isotopes. H has a 
negative neutron scattering length (-3.7390 tin)23. While D has a positive scattering length 
(6.671 tin)23. This means that H can be located within a sample through studying two 
portions of the sample: one portion has H20  incorporated into it, the other D 20 . Both 
samples are measured at low temperatures (4 K) so as to reduce the thermal parameters of 
the H and D, which can be highly mobile. When refining the data, Fourier maps are used 
to plot nuclear density and spaces showing negative nuclear density on the H20  data and 
positive nuclear density on the D20  data, indicate the location of the proton species.
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2.3.1.3.1 Data Analysis
When analysing diffraction data from either X-ray or neutron based experiments, it is vital 
to relate the observed pattern to the expected crystal structure of the phase being 
examined. In order to do this, a pattern is calculated from the crystal structure parameters 
to compare to the observed pattern. However, the calculation of this pattern is a complex 
process that must take into account many factors to produce an accurate pattern with 
respect to both the structure being studied and the instrument on which it was measured. 
To calculate a pattern from the crystal structure, the scattering of radiation must be 
accurately described. Structure Factors (Equation 2.8, where ^ M/(y) = 2n{hXj + kyj + Zzy) )
were introduced for this function and link the identity of an atom in the unit cell with its 3 
dimensional coordinates in that cell to determine the scattering influence that atom will 
have (where) where f, is the form factor (scattering) of atom typey, h, Jk, and / are the Miller 
indices of the plane of interest, Xj, y  and Zj are the fractional coordinates of atom type j).
Equation 2.9 gives the intensity of scattered radiation as proportional to the square of the 
structure factor where Ihkl is the intensity of the peak of interest and Fhkl is the structure 
factor.
With symmetry information and the approximate crystal structure, it is possible to generate
been obtained. In this way, the average structure of a material can be determined from 
diffraction data and this is known as structural refinement.
Originally, the only way to determine a crystal structure from diffraction data was by single 
crystal diffraction. This is problematic for ceramic systems for which the production of 
single crystals is not trivial. In contrast, powder samples are preferable from a synthetic 
perspective but present some challenges when analysing data. Until the 1960s the 
technique favoured was the “intensity integration” method, although for this method, 
patterns that produced unclear or overlapping peaks were difficult to refine. Consequently, 
a second method was postulated by Rietveld24 which was solely for use with powder 
diffraction data and has lead to the development of a range of software products that 
perform the required calculations for this method. Instead of using the intensity of each
N
Equation 2.8
Ihki 00 Fhki Equation 2.9
a calculated pattern for that material. The crystal structure is then changed incrementally to 
improve the correlation between the observed and calculated patterns until the best fit has
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peak, as the old method did, Rietveld refinement uses every data point collected so as to 
get the most information out of the pattern as possible. Least squares minimisation is then 
used to bring the calculated pattern closer to the observed pattern by refining the structural 
parameters of the phase.
The programs that carry out this refinement require the basic crystallographic data as a 
starting point as well as taking into account instrumental parameters. Space group, cell 
parameters and approximate atom positions are the minimum structural data requirements 
for a model. Several programs have been developed to carry out this refinement process 
including GSAS~7’25, ^  FullProf27 and Topas, although personal preference usually dictates 
which program is used. In this project, all structural refinements were carried out using the 
GSAS and EXPGUI suite of programs. GSAS (General Structure Analysis System) and 
the EXPGUI (Experimental Graphical User Interface) are a collection of small programs 
that work together to carry out the Rietveld Refinement process. They are used for XRD 
and PND data and can refine several sets of data simultaneously, which is especially useful 
when analysing PND data from multiple detector banks. In addition, it is possible to refine 
several crystalline phases at the same time if the sample prepared is not single phase.
The programs perform a series of least-squares refinements of the structural parameters to 
fit the calculated diffraction pattern to the observed data. This is usually done in stages, 
first refining only the cell parameters, before other parameters are added for refinement 
singularly or in small groups. Symmetry considerations are taken from the space group so 
that the programs do not refine atomic parameters of special positions, and constraints can 
be added to control many parameters such as occupancy, thermal parameters and atom 
position. This is especially useful if the phase being refined is doped, it is possible to enter 
the same atomic position twice, once with one atom, and again with the dopant. For 
example, in refining the structure for Li6SrLa2Nb20 12, the La site is doped with Sr. For 
refinement purposes, the La site is entered twice, once with La and a fractional occupancy 
of 0.667 and again with Sr and a fractional occupancy of 0.333. The two sites are then 
constrained for thermal displacement and occupancy during the refinement. This is used 
again in the Li site, where the model contained two sites and the fractional occupancy was 
constrained in such a way that the total Li content did not change.
Other parameters to be refined include peak shape, scale factors and if a refinement is 
multiphase, the phase fractions. The background is also fitted at the start of a refinement. 
The progress of a refinement can be observed as calculations take place, although the
43
precise nature of this can vary with the program used. All programs produce visual 
representations however (Figure 2.15). These consist of observed data plotted as points, 
with a solid line overlaid which represents the calculated pattern. A difference curve is 
plotted at the bottom of the pattern to indicate where the two patterns differ. Phases are 
marked by tick marks under the baseline indicating the position of the centre of the peaks 
for each phase. As the tit progresses, the patterns become closer and the difference curve 
smoother. Visual comparison of the fit can often indicate which parameters need to be 
refined further, for example, peak position discrepancy means that cell parameters are not 
yet optimised.
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Figure 2.15 Example o f  a two phase refinement using GSAS showing the green calculated pattern, red 
observed data, pink difference curve and red and black tick marks denoting phase peaks
The quality of the fit is also measured quantitatively with calculated agreement indices, 
known as “residual factors” or R factors. These include the profile factor (R), the 
weighted profile factor ( R J  the Bragg factor RB and the expected profile factor Rexp. 
These are calculated as shown in Equation 2.10, Equation 2.11 and Equation 2.12, where 
Jfobs) is the intensity observed at point i znàyfoalc) is the intensity calculated for point /, w, 
is the weighting and Ihkl is the intensity.
R p =
2 ]  | t ,  {ohs) — y t (ctf/c)|
i_______________________
Y.yfoohs)
i
Y j O', ( ° hs) -  T, (c a lc )y
_i______________________
Y^wfoyfoohs))2
Equation 2.10 Calculate Rp
Equation 2.11 Calculate R^p
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Equation 2.12 Calculate Rb
The quality of the data being used is indicated by the statistically expected R  factor, R ^. 
This is defined in Equation 2 .1 2 , where N  is the number of observations and P is the 
number of parameters varied in the refinement.
^exP -
( N - P )
Equation 2.13 Calculating Rexp
describes how good the fit could be depending on how much data have been collected 
— longer collection times will result in a lower Rexp value. The final value to describe the 
quality of the fit is the Chf value (yj) which is the ratio between the Rexp and R, values 
(Equation 2.14).
Rwp
V ^ e x p y
Equation 2.14 Calculation o f %2
When refining data, it is desirable for this value to approach 1 (the best fit). However, if 
Rexp is very low due to very high quality data, this can sometimes be very difficult; therefore 
the %2 value should not be taken in isolation to describe the effectiveness of the model and 
should be used in conjunction with the R^ and R  when describing a fit. In addition, some 
external factors such as the use of non-ambient sample environments during neutron 
diffraction can adversely affect the fit characteristics, resulting in a higher than desirable R„p 
and Rp.
A range of values are typically taken from the refined data produced by Rietveld 
refinement. These include cell parameters, atomic positions, temperature factors and 
occupancy data. Errors in the process are reported by including a standard deviation value 
after each reported value. For example, a cell parameter of 12.47264 Â with a standard 
deviation of 0.005 would be reported as 12.473(5) Â. For neutron diffraction standard 
deviations and therefore errors are typically very low as a large amount of refinement has 
taken place. The data is collected over a long period with several detectors and is 
considered an accurate method by which to study crystalline structures, especially those 
containing lighter elements. In comparison, XRD data is typically collected over a shorter 
period, meaning there is intrinsically less information gathered unless an especially long
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scan is used. This coupled with the single detector increases the likelihood of error which 
is reflected in the larger standard deviations reported for XRD derived values, such as cell 
parameters, in comparison to similar NPD values. Sources of error within the diffraction 
experiment include an incorrectly packed sample which may give rise to a zero-point error. 
This source of error is calculated intrinsically and taken into account during the refinement 
process both for Rietveld and least-squares refinements. Another source of error could be 
the homogeneity of the sample, as both XRD and NPD can only evaluate the sample as a 
whole so it is the average structure that is obtained and domain structure is not visible 
which, if significant domains exist, can influence the average structure. Instrument 
parameter files contain information about the instrument on which the data was gathered 
and is used during data refinement to remove the known instrumental error from the 
refined data. Other sources of error are typically sample based, such as water content, non­
crystalline elements and particularly small particle size which can all affect the type and size 
of peaks obtained and must be taken into account when reporting data.
2.3.2 Solid state NMR
Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique that 
interrogates the environments around the nuclei under study through absorption of 
electromagnetic radiation. NMR signals are isotope-specific meaning signals are firmly 
connected with the isotope that produced them.
Nuclei are collections of protons and neutrons which like electrons contain a spin quantum 
number (I) Vz. Protons and neutrons can be paired with the spins either parallel or 
antiparallel. Protons pairing with protons pair so the spins are anti-parallel, as do neutrons 
pairing with neutrons, however, protons and neutrons can pair together if the spins are 
parallel. For example, 7I i  contains 3 protons and 4 neutrons. This nucleus has a total spin 
o f 3 /2  because, there is an antiparallel pairing of two protons, an antiparallel pairing of two 
neutrons, and a parallel pairing of a proton and a neutron inferring a spin of 1 , plus an 
unpaired neutron, resulting in a total spin of 3/2. The reason the parallel pairing of a 
proton and a neutron is preferable to the anti-parallel pairing of the two neutrons, which 
would give a total spin of V2, is that the anti-parallel pairing is lower in energy due to the 
nature of the quarks which make up these fermions.
The nuclear spin quantum number (j) for a given nucleus is dependent on the nucleons and 
can have a value of zero, a half-interger or an interger28. Those nuclei where 1 = 1 / 2  are 
known as dipolar nuclei, and those where I> l/2  are quadrupolar. The spin angular
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momentum (J) associated with the spin properties of the nucleus is quantised (Equation 
2.15 and Equation 2.16), where h is Planks constant.
Table 2.5 Relationship between I and the atomic mass and number
I Atomic Mass Atomic Number Example (I)
Zero Even Even “ c
Half-integer Odd Odd or Even  ^Li (3/2)
Integer Even Odd ^ N ( l )
2n
Equation 2.15 
Equation 2.16
J is  a vector quantity, containing both magnitude and direction. If J  is considered along 
the z axis, for example, it is not then free to assume any orientation with respect to that 
axis. This vector is described by the magnetic quantum number, w, (Equation 2.17).
J z =  hm  Equation 2.17
m can assume a value between I  and —I  {m — I, 7-1, 7-2.. .-1) which results in 21+1 potential 
spin states for quantum number 7.
A non-zero nuclear spin is also associated with a non-zero magnetic moment (//) (Equation 
2.18 gives the magnetic moment) where gyromagnetic ratio. This describes the 
magnetic dipole created by the spin of the charged nucleus around its axis. Electric 
quadmpole moments are, understandably, characteristic of a given isotope and are not 
often known very accurately29
Equation 2.18
In dipolar nuclei, there are 2  possible spin states, w +1/2  and m -1/2. These two states are 
degenerate and at thermal equilibrium, have approximately equal number of atoms in each. 
When a magnetic field is introduced however, the interaction between the magnetic 
moment of the nuclei and the external magnetic field (B0) causes the states to split and 
become non-degenerate (Figure 2.16). The two states are separated by AE which is 
described by Equation 2.19 28.
AE = —  B0 
2n
Equation 2.19
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Figure 2.16 Splitting o f a degenerate 1 = 1 /2  nuclei in a magnetic field, adapted from 28 
Q uadrupolar nuclei behave in a similar way but the num ber o f  levels is different, for
during an N M R  experiment.
O nce the splitting o f  nuclei spin states has occurred, it is possible to effect a transition 
between the two energy levels in a stationary magnetic field by introducing energy in the 
form o f  electromagnetic radiation. The relationship between the frequency applied (iq), 
and the external magnetic field (BJ is given in Equation 2.20 (considering that A E  = h u ) .  
This takes into account the gyromagnetic ratio, m eaning that a resonant frequency for any 
isotope can be determ ined if  the external field strength and gyromagnetic ratio are known.
A t the correct radiofrequency, the system is in resonance and energy is absorbed by the 
nucleus, prom oting it to the higher energy level. The gyromagnetic ratio (y) is the 
proportionality constant between the magnetic m om ent (p) and the total spin quantum  
num ber (I) and is unique to each isotope (Equation 2.21).
The radiofrequency can be introduced in one o f  two ways; as a continuous wave, or in 
pulses. In a static magnetic field, the spinning nuclei precess around the direction o f  the
have a net m acroscopic magnetisation M() along the 2  axis but no m agnetisation in the xy 
plane. The Larm or frequency is the frequency o f  the precessing nucleus in M Hz ( u j .
example, the Li nucleus, has a spin o f  3 /2  and therefore 4 possible spin states. The 
quadrupolar nature o f  some nuclei affects the relaxation times and coupling o f  these nuclei
E quation  2.20
Infj.
E quation 2.21
field which is usually along the z axis. The equivalent nuclei precessing around the z axis
W hen the applied radio frequency (ut) is equal to the Larm or frequency, resonance occurs 
and the basic N M R  relationship (Equation 2.22 28) becomes true (Figure 2.17).
E quation  2.22
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Figure 2.17 Illustration o f a precessing nucleus, adapted from 28
The aim o f  the N M R  experim ent is to tip the nuclei from  precessing around the z axis into 
the xy plane so that there is a net magnetisation in that plane. The radiofrequency is 
applied in such a way that the magnetic com ponent o f the radiation (B,) occurs 
perpendicular to the applied external field B(). This is achieved by placing the 
radio frequency (RE) oscillator at right angles to the main magnetic field. W hen the 
frequency produced is varied, the rotating magnetic field will be the same as the Larm or 
frequency and the two will come into phase which tips the nuclei through an angle towards 
the xy plane. A receiver coil m ounted in this plane can measure the magnetic com ponent 
now  present. The best signal is achieved w hen the nuclei are rotated through 90°.
Relaxation o f  the nuclei back to the original precession path around the z axis is individual 
to the nucleus being studied. Two relaxation processes can occur whereby the nucleus 
loses the extra energy it gained from the radiofrequency pulse and returns to the lower 
energy spin state. The first relaxation process is know n as spin-lattice relaxation (T,), and 
occurs through a transfer o f  energy to surrounding nuclei that are precessing at the 
appropriate frequency. As m ore energy is transferred, the excited nucleus returns to 
precessing about the z axis and the xy magnetisation com ponent is lost. The second 
process is called spin-spin relaxation (T2), which is where the coherence o f  the nucleus is 
lost through fluctuations in the magnetic field am ongst o ther causes. This process is m ore 
complex than spin-lattice relaxation and results in an out o f  phase nucleus precessing with 
no net xy magnetisation.
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“Continuous Wave” methods of radiofrequency (RF) application were widely employed in 
older instruments but these have largely been superseded by the pulsed Fourier Transform 
spectroscopy technique. The continuous wave method involved a constant magnetic field 
with an oscillating RF scanned over a range of frequencies, or a constant radiofrequency 
and a scanning magnetic field. In this method, each different nucleus is excited separately. 
However, the pulsed technique allowed for all the nuclei to be excited simultaneously using 
a single RF pulse, usually at 90° after which the magnetisation in the xy plane is detected 
and the relaxation observed over an acquisition period. Data collected represents the 
difference between the Larmor frequency of that nucleus in that chemical environment and 
the applied frequency and then undergoes Fourier Transform to display the data as NMR 
spectra. The relaxation of nuclei, although isotope and relaxation process specific, are 
generally short enough that multiple pulses can be applied during each experiment.
Chemical shift is a measure of the electronic environment that surrounds the nuclei. The 
actual value measured is the resonant frequency of the nuclei which is influenced by 
electronic shielding of the nucleus from the magnetic field. This causes the nucleus to 
experience a different magnetic field (B) to the one applied (B0), (Equation 2.23 29, where G 
is the shielding effect of the chemical environment).
5  (1 — cr) Equation 2.23
The resonant conditions without the electrons is given by Equation 2.2429,
_ AV0 — ~  Equation 2.24
271
which combined with the shielding effect, becomes Equation 2.2529.
_ yB0(\-CT)
V0 — -  Equation 2.25
2n
Different chemical environments confer differing levels of shielding to a nucleus, which 
results in a range of local magnetic fields being “felt” by the nuclei. This then produces a 
range of resonant frequencies within the sample, which result in a series of peaks in the 
spectra. The local magnetic field felt by each nucleus is not easy to accurately measure and 
so there is a need to compare spectra of the same sample in different magnetic fields. 
Alternatively, an arbitrary standard is selected for that nuclei {e.g. LiCl for 7Li NMR). The 
relative frequency of resonance for this standard is then converted into a dimensionless 
value designated the chemical shift Equation 2.26 30,
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8  =
r D - / )  ^sample reference
Voscillator
X 10 Equation 2.26
Where u sample is the frequency of the sample, experiencing the shielding effects, Urefereflce is 
the frequency of the standard material and L)osci]htor is the frequency of the oscillator 
providing the radiofrequency. Changes in the sample environment therefore alter the 
chemical shift as the oscillator and reference frequencies remain constant.
A final factor that influences the spectra and sensitivity of the experiment is the abundance 
of the chosen nucleus in the sample. Measuring 7I i  NMR in a highly 7Li enriched sample 
will yield a higher number of measurable nuclei than measuring 13C in a natural abundance 
carbon based sample as for the latter, the abundance is only 1.1 To23.
Random motion of molecules in liquids provides an averaging effect on magnetic 
interactions between molecules. The overall effect is that liquid state NMR produces high 
resolution spectra with narrow, well defined peaks. This is not the case however for solid 
samples, which undergo none of this motional averaging and produce very different 
looking spectra with broad peaks. The interactions and factors that are averaged out in 
liquid samples include dipole-dipole interactions, chemical shift anisotropy and the 
relaxation time for nuclei. In order for reasonable spectra to be obtained from a solid 
sample, these factors must be adequately managed. In addition, the nature of the solid 
sample itself influences the pattern obtained. Single crystals will produce sharp peaks for a 
given orientation but powder samples will give a broad line due to the random orientation 
of the crystallites producing a range of resonances from a single RF pulse.
Dipole-dipole interactions are those that occur between the nuclei being observed and 
other neighbouring magnetic nuclei. The strength of the interaction depends on the 
magnitude of the dipoles, the separation distance between nuclei and the orientation in the 
external magnetic field. The relationship between the z component of the magnetic field 
(B) generated by neighbour nucleus A  and the effective field around observed nucleus X  is 
given by Equation 2.27 30,
v ^ A{ % c ^ e v - \ )
B  — ± --------------- ------------  Equation 2.27
where jLlA is the magnetic moment of nucleus A ,  rXJ is the internuclear distance between A  
and X  and 0xy is the angle of the internuclear vector to the applied static field B Both
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homonuclear and heteronuclear interactions can occur, the effects of which can depend on 
the abundance of a given species. If  a nucleus is abundant, e.g. 1H, there are many of those 
species to interact and so homonuclear interactions may dominate, producing a broader 
peak. However, if the observed nucleus is not very abundant, for example, 13C, the dilution 
of this nucleus within the sample reduces the likelihood of homonuclear interactions taking 
place as the separation between 13C is too great but heteronuclear interactions may 
dominate, leading to line broadening.
When a nucleus is placed into a magnetic field, the electrons that are circulating will create 
a secondary magnetic field which contributes to the shielding effect the nuclei experiences 
from the applied static field. However, the electrons are not uniformly distributed around 
the nucleus at any one time, which introduces a dimensional element to the shielding 
effects. Therefore, for a given external magnetic field (BJ, the induced magnetic moment 
of the nucleus differs. Single crystal samples produce chemical shifts dependent on the 
orientation so it follows that polycrystalline samples would produce a broader signal. 
Liquid samples average this anisotropy to zero through motional averaging. Chemical shift 
anisotropy is dependent on the angle between the magnetic field and the axis about which 
the chemical shift is defined (e.g. Equation 2.27) through a (3cos" 0-1) term.
A pivotal discovery was made by Andrew31 in the 1950s that spinning a solid sample 
effectively replaced the random movement of molecules and averaged out the anisotropic 
shift and dipolar interactions significantly improving line width. This technique is known 
as Magic Angle Spinning (MAS) as it involves spinning the sample at 54.74° with respect to 
the applied magnetic field. It works due to the reliance of both anisotropic shifts and 
dipolar interactions on the 3cos2(3-l term where P is the angle between the rotor and the 
magnetic field. Spinning a sample about the angle P multiplies the anisotropic shift and 
dipolar interactions by 3cos2p-l so that at the “magic angle” P=54.74°, 3cos2p-l=0. To 
completely prevent line broadening as a result of these effects, the sample must be spun at 
least 0.5 times the frequency of the line broadening. If  the sample is spun fast enough, 
regularly spaced additional signals occur centred on the isotropic chemical shift (the main 
signal). These spinning side bands and the central signal occur within the area the peak 
would have covered had the sample been static.
Spinning side bands can mask smaller resonances due to “real” signals and also include 
some of the intensity from the central signal. The separation of these bands can be linked
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to the spinning frequency so their identity can be resolved through variation of the spin 
rate and observation of the moment of the bands. Some nuclei with a high gyromagnetic 
ratio such as (26.75x107 T 'V 1 32) and 19F (25.18x107 T"1 s'1 32) can require spinning in 
excess of 100 kHz. In some cases sufficient resolution can be obtained with a small 
amount of dipolar and anisotropic interactions but if this is not the case, additional line 
narrowing techniques should be applied.
Interaction between the spins of two separate nuclei can lead to splitting of the observed 
signal, which is known as coupling. Magic angle spinning cannot effectively remove this 
effect as the frequency of spin required is unrealistic given available technology. Instead, 
the nuclei can be decoupled in a similar way as spin decoupling of protons occurs in liquid 
NMR. Decoupling is achieved by causing one of the nuclei to undergo fast transitions 
between energy levels which are “felt” by the other nuclei as an average field, thus 
decoupling the signals.
Cross polarisation is a technique used to assist data acquisition of nuclei with a low 
abundance. It involves the transfer of magnetisation from an abundant species to a less 
abundant species. As has been discussed, a nucleus’s spin system splits into multiple states, 
the separation of which depends on the applied magnetic field and the gyromagnetic ratio 
for that nucleus. In a system containing X and Y nuclei, the energy levels of the two 
systems are different due to the differing gyromagnetic ratios, which means that transitions 
between energy levels also occur at different frequencies. However, if X and Y were 
excited so that the energy difference between spin states was the same, energy can be 
transferred from one to the other. Cross polarisation occurs through the simultaneous 
irradiation of the nuclei with variable radiofrequency during a contact time (t). The fields 
(Bly, Blx) are adjusted according to the Hartmann-Hahn condition33 which then allows the 
transfer o f magnetisation to take place (Equation 2.28).
=  7 A x  =  YyB \y =  ^E y  Equation 2.28
The enhancement of the intensity of the less abundant Y species by yx/yy is the result. This 
can be useful not only for nuclei of very low abundance, but also for reducing the spin- 
lattice relaxation time by dissipating some of the energy of the nuclei, resulting in faster 
cycle times for the experiment so that more repeats can be carried out.
With nuclei that have a spin I> l/2 , charge distribution is non-spherical which gives rise to 
an electric quadmpole moment (Q). This can be positive where there is a higher charge
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density along the spin axis (prolate) or negative, where there is higher charge density 
perpendicular to the spin axis (oblate). The electric quadmpole moment arises from 
interactions between the nucleus and the electric field gradient. In structures where there 
are perfecdy symmetrical sites {e.g. ideal octahedral or tetrahedral sites), no quadrupolar 
interactions occur. However, this is rare experimentally and small distortions in site 
symmetry can lead to significant quadrupolar interactions.
Two main factors are to be considered when studying quadrupolar nuclei, the first is that 
all transitions, with the exception o îm — + 1 / 2  and m — -1 / 2  are broadened by quadrupolar
interactions to the first order by UQ (Equation 2.29 - where & ^  is the quadrupolar
h
coupling constant and eq is equal to the electric field strength in the B0 direction). 
{2 /(2 / — 1)} Equation 2.29V Q ~
& y
The quadrupolar coupling constant is often high (in the MHz range) and can sometimes be 
averaged out using magic angle spinning but as a result of the high frequency required, 
spinning side bands are often produced.
The second factor is that all possible transitions are broadened by a small amount. The 
extent of this broadening is proportional to U 2q / d l  which is inversely proportional to the 
strength of B0. The effects of this broadening cannot fully be averaged by magic angle 
spinning and tend to produce complex line shapes. The use of high magnetic field 
instruments reduces these interactions. These complicated interactions result in broad 
peaks due to the random orientation of the crystallites. Only the m = + 1 /2  and m = -1/2 
transitions are observed as they do not undergo first order interactions discussed here and 
are therefore resolvable. The interactions do provide an additional relaxation mechanism 
whereby energy can be transferred to the rest of the system from the nucleus through 
rotating electrical components. In some systems, this is the only method of relaxation 
available.
The instrumentation used in this study was based at the University of Durham Solid State 
NMR Service. The spectrometer used was a Varian Unity Inova model (300 MHz for 1H) 
with 5 mm MAS probes for some 7I i  and 19F NMR. 1M LiCl and 1M CFC13 were used as 
references. Additional 7Li and n9Sn NMR was carried out on a Varian VNMRS instrument
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(400 M Hz for 1H) where Sn(CH3)4 was used as a reference for the 119Sn m easurements. All 
the m easurem ents reported here were taken at room  temperature.
2.3.3 A. C. impedance spectroscopy
The first reported use o f  complex im pedance in electrochemical analysis was by Slutyers in 
I9 6 0 '4. The first use o f  this technique to analyse a solid sample was reported a few years 
la ter13 w ith the first intensive analysis o f  polarisation behaviour carried out by Bauerle36 on 
yttria stabilised zirconia using P t electrodes in 1969. O ver the following decades, 
im pedance analysis has becom e extensively used in a variety o f fields. D uring this project it 
was used to  analyse solid electrolyte samples pressed as pellets coated w ith A u paste and 
A u foil electrodes. The study o f the tem perature dependent behaviour in these samples 
leads to the calculation o f  activation energies and an understanding o f  transport 
mechanisms which can help to guide optimisation studies.
2.3.3.1 A. C. circuit theory
A sinusoidal voltage can be expressed mathematically by Equation 2.30 where is E  is 
am plitude and (0  is the frequency o f  rotation. CO = 2 n f  where /  =  the conventional 
frequency (the num ber o f  com plete oscillations in Is) in Hertz. The observed voltage at 
any time (t) is e (Figure 2.18).
e = E  sin cot E quation  2.30
R otation  at co
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Figure 2.18 Phaser diagram for an a.c. voltage adapted from 37
Electrochemical im pedance is measured by applying an ac voltage across a sample and 
measuring the current response. I f  the applied voltage is sinusoidal, the resulting current 
will be too, but will usually have undergone a phase shift with respect to the applied 
voltage. Equation 2.31 describes the current including a phase angle ((f)) which indicates 
the phase separation. This is measured with respect to one o f  the signals (usually the
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voltage E). The phase separation is a signed value, the sign depending on w hether the 
current lags behind or is ahead o f  the reference voltage signal.
i — I sin(a# + E quation  2.31
27i/o ) (2 tt+(|))/oo
Figure 2.19 Phasor diagram showing the shift in phase between voltage and current at frequency to, adapted
from37
Using phasor representation, voltage is designated E  and current I . The phase angle 
between the phase o f  E  and /  typically remain constant, and can therefore be ignored, 
leaving the phasors as vectors with a com m on origin and relevant separation angle (Figure 
2.19). Considering a pure resistance across which a sinusoidal voltage is applied, the 
current can be considered to be Equation 2.32 where R  is resistance and O h m ’s law is 
obeyed (/ =  E /R ).  In  this case, there is no phase separation betw een the applied voltage 
and current.
i — ( E / R )  sinCOt E quation  2.32
In  phasor notation, /  = J shown in Figure 2.20.
* ^ )  e or i
E
-E
E
Figure 2.20 V ector relationship between voltage across a resistor and current through it, adapted from 38
Exchanging a pure capacitance (C) for the resistance, results in the relationship:
E quation 2.33
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Including the capacitive reactance X c =  1 /  coC, the relationship is described by Equation 
2.34 where the phase angle is 7l/2 and the current leads the voltage (Figure 2.21).
. Ei =  sin
X..
71
cot+ — 
2
E quation  2.34
\ /
E = -jXc
E
or i
■E
Figure 2.21 X'ector relationship between an a.c. voltage across and a.c. current through a capacitor, adapted
from38
It is evident from  the vector diagram that the rotation (Figure 2.17) has expanded into a 
plane. For convenience, complex notation for the com ponent along the ordinate axis 
(vertical) is used. This assigns the ordinate com ponent as imaginary although in actual 
terms, bo th  the com ponents are real in that they are described by the phase angle. 
Conventionally, the current com ponent is plotted on the abscissa, as in Figure 2.21,
m eaning that voltage can be now be described by Equation 2.35 w here j  = V—I .
E  =  - j X d E quation  2.35
Taking into account Equation 2.32 (/=E ’/R ), X c m ust carry a resistance com ponent. In  a 
resistor, the resistance is no t dependant on frequency but in the case o f  X n the m agnitude 
falls as frequency increases. This is evident w hen considering a resistor and capacitor in
series. W hen voltage E  is applied across the circuit com ponents, the applied voltage 
equals the voltage drop across the individual com ponents, giving Equation 2.36 and 
Equation 2.37.
E = E r + Ec Equation  2.36 
E quation  2.37
The vector Z , called the impedance is given by Equation 2.38, and therefore gives 
Equation 2.39 as the relationship between the voltage and impedance.
Z=R-jX , 
E = lZ
E quation 2.38 
E quation 2.39
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The relationship between the components of the voltage and current being applied can be 
summarised as Equation 2.40 where Z%, is the real component and Zlm is the imaginary- 
component.
Z {(O) =  Z  Re — jZim  Equation 2.40
In this case, Z ^ R  and ZIm=Xc— 1 / coC. The magnitude of Z ( |Z |)  is given by Equation 
2.41.
= ^ R  + X c = J Z Re + Z Im Equation 2.41
The phase angle describes the balance between resistive and capacitive components in 
series. If  only the resistive component had influence, the phase angle ($  is zero and if only 
the capacitive component has influence, the phase angle is equal to 71/2. Systems with a 
mix of resistive and capacitative influence have intermediate phase angles. The phase angle 
(0  is given by Equation 2.42.
tanfi — X J  R = Z  Im / Z  Re Equation 2.42
Impedance is a “real world” generalised version of resistance and consequently Equation 
2.39 can be considered as the generalised description of Ohm’s Law including both the real 
and imaginary components. As has already been stated, impedance changes with varying 
frequency. It is this information that is plotted on a Nyquist plot which displays Z/m vs. Z&, 
for values of CO. Owing to the similarity of impedance to resistance, rules analogous to 
those that govern resistance can be used to analyse more complex circuit models.
Admittance is the inverse of impedance and represents a variation on conductance. The 
generalised Ohm’s law. Equation 2.39 is then written to include admittance (Equation 
2.43).
I  — E Y  Equation 2.43
This can be useful when studying parallel circuit models as overall admittance of a circuit is 
the sum of the admittance which is a straightforward and simple way to analyse a circuit 
model of that type.
Two models are available when discussing solid electrolyte analysis using a.c. impedance. 
Both models were first postdated in the 1970s and predict the same response, shown in 
Figure 2.22. The first model is known as the Point Charge Model39 and takes mobile 
species to be point charges within a continuous dielectric. This distribution of mobile ions
58
through the electrolyte and at the electrodes is no t taken into account. The second model, 
known as the Finite Ions Size M odel40, considers the distance o f  the m obile ions to the 
nearest electrode and assumes that other charged species are immobile (for example, the 
anions in a cation conducting material). The predictions the two models make are the same 
if  there is only one mobile species and the electrodes are blocking.
CdiRbulk
P oint C h arge Model
Impedance Plot 
Rbulk
bulk
electrode
Rbulk
Cdl
Fin ite Ion S iz e  M odel
V
x
P
A
increasing co
Increasing coI
electrode
bulk
Gbulk 
Admittance Plot
Figure 2.22 Equivalent circuits for the Point Charge and Finite Ion size models showing both  the impedance 
and admittance plots for these circuits, adapted from37
The equivalent circuit, upon which the models are based, consists o f  a two electrode 
electrochemical cell with a conducting solid electrolyte w hich is represented by a collection 
o f resistors and capacitors. The Cdl com ponent is the double layer capacitance and is 
typically an order o f  magnitude larger than Cg (geometric capacitance) if  there is good 
electrolyte-electrode contact and a sample w ith a high conductivity. Therefore, at low 
frequencies, Cd] and Rbulk (bulk resistance) dom inate, and at high frequencies, C and R, 
dominate.
'bu lk
The ideal m easure o f a material for a conducting solid application w ould be as a single 
crystal with excellent attachm ent to two perfectly flat electrodes. In this com pound, the 
mobile species would move through the crystal by whatever m echanism  existed in that 
material. This can be generally described as a series o f  hops over potential energy barriers 
along the direction o f the applied field. This behaviour can be m odelled using an 
equivalent circuit with parallel resistive and capacitive com ponents. However, samples 
studied are invariably m ore complex than this ideal situation and therefore result in a m ore 
complex spectrum. Contributing factors include the pow dered nature o f  the sample, the
59
extent of sintering and the accompanying size of the grain boundary component. In 
addition, the connection between electrolyte and electrode is often less than ideal, caused 
by rough surfaces and poor adhesion of the conductive paste to the surface of the pellet. 
Charge transfer processes across the interface when using blocking electrodes will also 
influence the result.
The impedance spectrum is measured over a range of frequencies, typically 1-107 Hz 37. 
The voltage is applied as a logarithmic stepwise function of frequency. Considering the 
model discussed with parallel resistance (R) and capacitance (Q  components, if the time 
constants of the components vary sufficiendy, the components are resolvable. The time 
constant is calculated by Equation 2.44.
^max-^C =  1 Equation 2.44
Time constants that vary by several orders of magnitude produce clearly distinguishable 
contributions but when they are close together, the semi circles overlap, making difficult 
the resolution of the contribution of one parallel RC  component over the next difficult.
Data are plotted on an Argand diagram with Z im (capacitative component) against Z Re
(resistive component). R values are obtained from the intercept with the Z rc axis and C  
values can be obtained by applying Equation 2.44 to the frequency at the maximum of each 
semicircle. This is generally carried out using software to fit a semicircle to the data which 
then calculates the R and C values. The C values help to assign a component to a physical 
feature of the sample as is summarised in Table 2 .641.
Table 2.6 Capacitance values and links to physical phenomena41
Capacitance
/F
Phenomenon Responsible
10"12 Bulk
1 0 " Minor, second phase
1 0"11- 10"8 Grain Boundary
1 0 10- 1 0 '9 Bulk Ferroelectric
109- 107 Surface layer
ÎO7- 1 0 -5 Sample-electrode interface
10"4 Electrochemical reactions
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Figure 2.23 Illustration o f bulk (blue) and grain boundary (red)
The values o f  m ost interest to this project are those relating to the bulk and grain boundary 
o f  the sample (Figure 2.23). The magnitude o f the grain boundary contribution is partially 
dependent on the density o f the pellet which is influenced by sintering conditions as well as 
a range o f  o ther factors. The bulk value is indicative o f  the conductivity through grains 
which is dependent on the material being studied. Grain boundary capacitance covers a 
range o f  values indicative o f  the variability o f this property. High capacitances occur in 
highly dense samples w ith small gaps between particles whereas lower capacitances for the 
grain boundary contribution can indicate a poorly sintered sample. Ideally, a spectrum  
would show two distinct regions that can be assigned to the bulk or grain boundary regions 
(Figure 2.24).
Z" (Im)
c o R g b C g b
R g b / 2 Z' (Re)
Rgb
CgbCb Cdl
Rb
" W
Rgb
Figure 2.24 Ideal representation o f  an impedance spectrum for a solid electrolyte material showing bulk and
grain boundary components, adapted from 37
The value used m ost often in literature when discussing ion mobility in ceramic samples, is 
the “conductivity” . This is a value obtained from  the resistive value derived from the 
spectrum  using Equation 2.45 where <T is the conductivity, R, the resistance and jF the 
geometric factor, a value which describes the shape and size o f the sample and is calculated
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using Equation 2.46 where / — sample thickness (cm) and A  is the surface area (cm 2). The 
units o f  F  are c m 1.
°  = -R ^ E quation  2.45
Fs = -A
E quation  2.46
Figure 2.25 shows an example o f data obtained during this project showing the non-ideal 
nature o f the data. The semi-circles are fitted using the data analysis program  Zview v2.7 
and involves selecting two data points and fitting a semi-circle between them  graphically. 
The bulk semicircle and grain boundary semicircles overlap indicating that the time 
constants o f  the two features are no t sufficiently different to allow full resolution o f  both 
com ponents. O nce the resistance value is obtained, it is used to calculate conductivity at 
that tem perature using Equation 2.45.
-75000
N -50000 -
Bulk:
R (O hm s) = 18772
Grain Boundary:
R (O hm s) = 1 .2443E 5
-25000 -
/ B u l k
Grain Bounday
25000 50000
Z'
75000 100000
Figure 2.25 Example o f actual impedance data showing bulk and grain boundary semi-circle fitting in green
and data points in blue
Im pedance spectra are collected over a range o f tem peratures and under a variety o f 
atm ospheres. The results can be plotted so as to determ ine the activation energy o f  the 
conduction process. In addition, changes in activation energy with tem perature can be 
determ ined, which may be indicative o f  changing conduction pathways leading to further 
characterisation to quantify these changes. The tem perature dependence o f  the 
conductivity is typically represented by Equation 2.47 which is related to the Arrhenius 
type function. The activation energy o f an ion migration pathway can be calculated from 
the slope o f a plot o f  Log10 (crT /  S cm 1 K) against T  1 /  IC1.
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- E a /
g T  =  A e x p  /RT Equation 2.47
It is not advisable to repeat a.c. impedance measurements on a single sample as the nature 
of the technique may physically change the sample making error quantification of the 
technique difficult. For this reason, to compare conductivity values for a sample with 
another sample, only the order of magnitude is normally considered. It would be possible 
to make several measurements on separate portions of each sample in order to determine 
the error involved but during this project the length of time each data collection run took 
made this unfeasible. Uncertainty in activation energy values was established using 
regression statistics when determining the slope of the arrhenius plot produced from 
experimental data. The slope was calculated using the “least squares fitting” method and 
the regression calculations produced the standard error for the line produced. The best 
and worst data is reported here but for clarity is not included in actual results tables in the 
following chapters. The dataset most closely correlated with the line of best fit had an 
uncertainty of ±0.003 eV and the least correlated dataset showed uncertainty of ±0.103 eV. 
The uncertainty is then taken into account when discussing trends on activation energy.
Two instruments were used during this project; the first was a Solartron SI 1260 
Impedance Gain Phase Analyzer. The frequency range was 1-107 Hz with applied voltage 
of 10 mV. The second was a Hewlett Packard 4082A impedance analyser. Impedance 
spectra were measured using this instrument over the frequency range 100 Hz to 13 MHz 
with an applied voltage of 100 mV. Data obtained from both instruments were analysed 
using the Zview v2.7 software.
2.3.4 Thermal Analysis
Thermal analysis measures the change in a material as temperature is varied. A variety of 
methods fall under this moniker and measure a range of properties, such as mass changes, 
heat flow, volume and mechanical stiffness. In this project two techniques were utilised — 
thermo-gravimetric analysis (TGA), the measurement of mass change with temperature, 
and combined differential scanning calorimetry (DSC) and TGA, which measures both 
heat flow in the sample and weight changes simultaneously.
TGA is carried out by accurately measuring the weight of the sample while heating it in an 
enclosed furnace environment with a controllable atmosphere. The sample is placed in a 
platinum pan and the weight is recorded as the starting point. All subsequent weight
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changes are considered relative to this initial value, meaning that TGA results are often 
given in terms of percentage weight lost rather than absolute values. The experimental 
atmosphere can be controlled both in composition and gas flow. All experiments carried 
out for this project were measured in air although potential alternatives include nitrogen, 
argon and other combinations of gases. The purpose of controlling the atmosphere is to 
study a particular process occurring in the material. Nitrogen is often used if oxidation is 
to be avoided; air is used if burning off of some parts of the sample is required. A 
thermocouple is mounted as close to the sample as possible to obtain accurate sample 
temperature information. Heating rate can be varied according to requirements; slower 
heating rates are used for a greater degree of experimental detail. TGA instruments can 
also perform cycles of heating steps such as heating and cooling or heating and holding the 
temperature steady for a set period of time.
Results are most often plotted as temperature against percentage weight with 100% being 
the mass of the sample prior to being heated. In order to better judge where a mass change 
is occurring, the derivative curve can also be plotted which helps to highlight the areas of 
greatest weight change.
The TGA instrument used during this project was a TA Instruments Q500 with a steady 
heating rate program under constant sample purge flow of 60 ml min"1 air flow. The Q500 
balance has a sensitivity of 0.1 pg and an isothermal temperature precision of 0.1 °C42. 
Platinum pans were used to ensure no reaction with the sample holder.
The second thermal method used combined the TGA technique already discussed with 
DSC. DSC measures heat transferred to or from the sample at constant pressure while 
that sample undergoes a physical or chemical change such as a phase change or burning. 
The heat flow from the sample is compared to that of a reference material that does not 
undergo any physical or chemical changes and is normally measured over a range of 
temperatures. The furnace is computer controlled and heat is transferred to or from the 
sample to keep it the same temperature as the reference pan. For example, during an 
endothermie change, the sample requires a higher heat input than the reference pan to keep 
it at the same temperature.
In the combined technique, both heat flow and weight are measured. As before, weight is 
displayed relative to the starting weight of the sample. The sample is held in an open 
topped alumina pan on the end of a beam containing the thermocouple and the balance
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arm for TGA. The thermocouple is in direct contact with the sample pan holder. The 
heat flow information is used in ceramic chemistry to determine where processes such as 
phase changes, melting and glass transitions occur. In this project, the technique was 
predominantly used to study phase changes which do not involve a weight change. The 
heat flow curves indicate the temperature at which the phase changes occur which can then 
be further investigated using high temperature XRD.
During this project, the TA Instruments Q600 SDT instrument was used for combined 
TGA/DSC analysis. The heating program used was a steady linear heating and the sample 
was heated in air with a sample flow rate of 60 ml min"1. As for the Q500, the Q600 
instrument has a balance sensitivity of 0.1 pg and a calorimetric precision of ±2 %. The 
furnace has an isothermal temperature precision of 0.10C42.
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3.1 Introduction
The discovery o f  fast lithium ion conduction in garnet materials by Thangadurai et al. 1 
sparked a great deal o f research on this structure.2’3’4,3 The complex nature o f these 
materials, and low X-ray scattering factor o f Li, means that elucidation o f  the structure by 
X-ray diffraction is problem atic, leading to some controversy over the true structure.6,7,8 It 
was only by using neutron diffraction that the true structure was finally resolved,
concluding that the phases studied were cubic, space group la 3 d.9,10,11,12,13 These studies 
have indicated that Li is located both in the ideal tetrahedral site and in additional 
octahedral sites, the nature and occupancy o f which varies depending on the sample. The 
structure has also been shown to lend itself to many substitutional possibilities.14,15,16,17,18,19 
However, since the discovery o f  the high Li ion conductivity o f  these materials, it is the 
structure-property relationships that have becom e all im portant, w ith a view to making 
further im provem ents in their conductivities. 20>21’22>23>24
Figure 3.1 Structure o f L hN T Sb^O n 11 (tetrahedral = L i0 4, octahedra = S b 0 6, blue sphere =  N d, green
sphere = Li in octahedral sites.)
In order to gain further inform ation o f  the im portance o f  the different Li sites to the 
conduction m echanism, a powder neutron diffraction study o f Sb containing garnets 
Li5Ln3Sb20 12 (Ln = La, Nd), was perform ed and com pared to similar studies for the related 
N b /T a  containing systems9.
From  the results o f  the neutron diffraction study a degree o f  non-stoichiom etry was 
implied and hence a synthetic study was carried out in an attem pt to further understand the
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tolerances these systems have towards non-stoichiometry. The Sb containing system was 
found to display a degree of compositional flexibility, which may go some way to 
explaining the differences observed by different groups studying similar materials1"24
In addition to the above study, the effect of rare earth size on the conductivity was 
examined. A series of Sb containing garnets Li5Ln3Sb20 12 (Ln = La, Pr, Nd, Sm,) has been 
synthesised previously14’15, but to date the effect of rare earth size on the conductivity of 
these materials had not been reported. In order to better understand the role of the rare 
earth cation in these structures, a synthesis and conductivity investigation was therefore 
carried out on the series Li5Ln3Sb20 12 (Ln = La, Pr, Nd, Sm, Eu, Gd and Ho).
Aliovalent doping was investigated in these systems to increase the Li content, and examine 
its effect on the conductivity. One aliovalent doping strategy was studied using alkaline 
earth metals to produce the series Li6ANd2Sb20 12 (A = Mg, Ca, Sr, Ba).
Preliminary studies into the effect of water and fluorine on the I i 5Nd3Sb20 12 composition 
were also performed.
3.2 Experimentalprocedure
High purity I i 2C 0 3 (5-10% excess to counteract Li loss during heating) was weighed 
accurately and mixed intimately with stoichiometric quantities of high purity oxides of the 
relevant rare earth element and Sb20 3 using an agate mortar and pestle. The mixture was 
then placed in alumina crucibles and heated for a period of 5-15 hours at 700°C. The 
resulting powder was then re-ground using a mortar and pestle before being pressed into a 
13 mm diameter pellet at a pressure of 10 tonnes.
The pellets were then placed in alumina crucibles with a lid the purpose of which lid was to 
form a partially sealed environment and encourage a Li partial pressure to form above the 
pellet, so as to minimise the amount of Li lost at high temperatures. In some cases, the 
pellet was also covered in some of the mother powder, but it was found that in most cases 
this offered no advantage. The samples were heated in several stages, firstly at 900°C for 3 
hours, then reground and repressed before being heated for a further 3 hours at 900°C. 
Finally, the pellets were reground and pressed again before being heated at 950°C for 1.5 
hours.
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In some cases additional 5% excess lithium was required to prepare pure samples by XKD, 
with re-firing at 950°C for 1.5 hours. In the majority of cases, this additional treatment was 
sufficient to remove the impurity phases.
When a heating stage was completed, the pellet dimensions were measured before a section 
of pellet was broken off and ground up for XKD. When the sample was found to be single 
phase (Figure 3.2), a remaining fragment of pellet was pasted with gold paste. Gold 
electrodes were attached using the paste and then cured at 800°C for 30 minutes. Before 
conductivity measurements were recorded, the sample was quenched from 800°C to room 
temperature by removal from the furnace and placing the hot pellet into a room 
temperature crucible.
Conductivity measurements were taken from room temperature to 440°C and back to 
room temperature in 30-40°C increments. The initial measurements (room temperature- 
440°C) formed the quenched conductivity readings, and the second set of measurements 
(440°C-room temperature) formed the annealed set of measurements.
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Figure 3.2. XRD pattern for phase pure TijNdaSbaOn  
Cell parameters were obtained for each phase from X-ray diffraction data. The unit cell 
was fitted using the program UnitCell23. The cell was fitted to a cubic system as 
determined in section 3.3.
Two samples (LigL^SboO^ Ln — La, Nd) were prepared for neutron diffraction. 7Li 
enriched Li2C 0 3 was used in place of natural abundance Li2C 0 3 to avoid the problem of 
the high neutron absorption by 6Li.
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Time of flight neutron diffraction data were collected on HRPD diffractometer at ISIS, 
Rutherford Appleton Laboratory. The data were collected at room temperature with the 
sample loaded in vanadium cans. Rietveld refinement was carried out using the GSAS26 
and EXPGUI27 suite of programs to obtain the average structure of the phases studied.
Thermal analysis measurements were carried out in air using a heating rate of 5°C per 
minute.
3.3 Structural determination o f7LA5Ln3Sb20 12 (Ln = La, N d)
3.3.1 ^isLasSbaOia
Time of flight neutron diffraction was carried out on this phase following the 
determination of phase purity using XRD (Figure 3.3).
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Figure 3.3 XRD pattern o f  TisLasSbaOn
The room temperature neutron diffraction study of 7I i 5La3Sb20 12 showed an average 
structure closely related to similar lithium ion containing garnet materials reported9,10, n’13. 
Initially, the data were fitted using the structure published by Thangadurai et a l% on the 
Li5La3M20 12 (M = Ta, Nb) system, where the lithium occurs in an octahedrally coordinated
site which is 5/6 occupied and the model is in the la 3d  space group. In this model, 
determined using predictions from bond valence sum calculations, no Li occurs in the ideal 
tetrahedral site. An additional refinement was done using the model proposed by Cussen9 
for these systems. This latter model, determined using neutron diffraction, is based on
space group Ia3 d space group, with Li partially occupying three sites -  the ideal tetrahedral 
site and two closely spaced octahedral sites. This model produced a much better fit for the 
data and was used in all subsequent neutron diffraction refinements for these materials.
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Figure 3.4 shows the fitted profile obtained for this phase showing a good agreement 
between data and model. Table 3.1 shows the refined structural parameters.
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Figure 3.4 Observed, calculated and difference neutron diffraction profile for TLigLaaSbzO^ showing a
reasonable fit to the structural model
T able 3.1 Structural parameters o f TisLasSbzOiz from the fit to neutron diffraction data
Atom Site X y 2
Fractional
Occupancy
Total site 
Occupancy
100 u
A
La 24c 1/8 0 1/4 1 .0 3 1.75(5)
Sb 16a 0 0 0 1 .0 2 1.42(5)
Lil 24d % 7/8 0 0.8(1) 2.4 3.3(3)
Li2 96h 0.99(1) 0.68(1) 0.575(9) 0.22(4) 2.64 2.1(4)
O 96h 0.2794(7) 0.1052(8) 0.2011(7) 1 .0 12 1.8(3)
Space group = Ia3d  a = 12.8476(6) Â
Backscatter detector bank; = 8.84% Rp = 8.05% Chi2 = 7.539
The location of Li within these garnet materials is a difficult problem to solve, due to the 
low scattering cross section Li presents to X-rays. The use of 7I i  with neutron diffraction, 
however, allows the reliable location of this element within this complex structure and has 
shown some interesting variations between phases. The model proposed by Cussen9 
advocates that there are three Li sites in total. The ideal 24d site and two octahedral sites, a 
48g site at 1/8, y, z and a 96h site at x, y z. This model was used as a starting point in the 
refinements of the systems in this study, but it was observed that the octahedral Li sites 
displayed higher than desirable thermal parameters. In order to investigate whether a 
different l i  distribution would alleviate this, the Li was placed first only in the tetrahedral
and 48g octahedral sites, and then in the tetrahedral and 96h sites. I t was observed that 
w ith Li in the ideal and the 96h sites, the thermal parameters were reduced and the fit 
im proved as the Li was allowed to m ove o ff centre, producing a single distorted octahedral 
site. Additionally, w hen all three sites (24d, 48g and 96h) were allowed to be occupied at 
the same time and no constraints on the occupancy used, the occupancy o f the 48g site 
approxim ated to zero. Therefore the com bination o f  the ideal 24d and distorted 96h sites 
were used.
The bond lengths in Table 3.2 dem onstrate the nature o f  the 96h site distortion. The 24d 
tetrahedral site is a tetrahedral ideal site, while the 96h “octahedral” site is also closer to 
tetrahedral coordination, as two o f the bonds are very long. The same occupancy o f  24d 
and 96h sites has been observed in other garnet phases, Section 3.3.2 1(1,11,13 and this model 
has been applied to these phases to produce successful and consistently good fits to the 
neutron data, suggesting that this m odel is a reasonable representation o f  the structure o f 
these materials.
Table 3.2 Refined bond distances for T fL aaS b iO n  from neutron diffraction data
Bond Length (A )
La-O 2.4810(7) x4
2.6230(7) x4
Sb-O 1.9985(7) x6
L il-O 1.9323(7) x4
Bond Length (A )
142-0 2.631(11)
2.390(9)
2.070(10)
2.690(8)
1.900(10)
2.057(11)
Li2 Site
Long bonds highlighted
Lil site
Figure 3.5 Illustration o f the coordination o f the two Li sites, Li in black and ()  in grey
Figure 3.5 illustrates the distorted nature o f  the octahedral site; the two long bonds are 
highlighted, making the site appear closer to tetrahedral coordination. These results and 
those o f  o ther group’s show how  complex is the lithium distribution in these materials.
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The subtle differences between structures studied in this report and by external groups 
show how  sensitive these materials are to synthesis and thermal treatm ent, despite the 
com positions being closely related. This finding suggests that small changes in treatm ent 
could yield significant structural effects which may affect the conductivity. This is 
discussed further in C hapter 5.
A close inspection o f the observed and calculated neutron diffraction profiles in Figure 3.4 
showed that the primary phase peaks displayed a small am ount o f  anisotropy. Peak profile 
functions were used to attem pt to fit this unusual peak shape but the results showed 
limited success. Instead, a second garnet phase was added which had slightly larger cell 
param eter than the main stoichiometric phase. This phase is suspected to be a non- 
stoichiometric garnet which form ed during synthesis but was no t noticeable in the lower 
resolution X RD  profiles. The com parison o f the two fits can be seen in Figure 3.6 which 
clearly illustrates the im provem ent in fit following the addition o f  the second phase.
It was no t possible to reliably refine the structural characteristics o f  the second phase 
beyond the cell param eter, due to the closeness to the main peaks and the low intensity o f  
the second phase peaks. Therefore the main phase was duplicated and the cell param eters 
increased manually before the refinem ent was carried out w ith all other characteristics o f 
the secondary phase, such as occupancies, fixed. The nature o f  this phase is explored in 
m ore depth in Section 3.4.
Figure 3.7 shows the two phase refinem ent o f  7Li5La3Sb20 12. In visual com parison with 
Figure 3.4, the im provem ent in the difference plots can easily be observed. Table 3.3 
shows the new main phase characteristics along with the cell param eters for the secondary 
phase. The general conclusions are similar to before, although there is a small difference in
2.07 2.08 2.09 2.10 2.07  2.08 2.09 2.10
O ne Phase  
R efinem ent
Two P h ase  
R efin em en t
Figure 3.6 Comparison o f one and two phase refinements in close view to show anisotropy
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the Li site occupancies, and the Li2 position is now better defined, as illustrated by the 
lower errors. It is evident from the statistical analysis of the two phase refinement that is it 
preferable to the single phase refinement as the peak profiles are fitted more accurately. 
The distribution of phases was found to be 90 weight % of the primary phase, and 10 
weight % the secondary phase. This is a fairly high proportion of the secondary phase and 
the good fit reinforces the theory that it is a garnet material of very close cell parameter to 
the main phase.
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Figure 3.7 Observed, calculated and difference neutron diffraction profile for TLisLasSbzOn with the main 
phase shown in lower tick marks and secondary garnet phase in upper tick marks
Atom Site X y 2 Fractional
Occupancy
Total site 
Occupancy
100 u  
(A2)
La 24c 1 / 8 0 % 1 .0 3 1.78(3)
Sb 16a 0 0 0 1 .0 2 1.37(4)
Lil 24d % 7/8 0 0.73(1) 2.19 2.9(2)
Li2 96h 0 .1 0 0 2 (8) 0.6821(8) 0.5741(7) 0.233(3) 2.80 0.27(3)
O 96h 0.27935(5) 0.10527(6) 0 .2 0 1 1 0 (6) 1 .0 12 1.8(3)
Space group — Ia3 d Main Phase a -  12.84665(5) Â Second Phase a = 12.8816(3) Â 
Backscatter detector bank; = 5.96% Rp = 5.30% 90° bank; = 4.55% Rp = 3.49% 
Chi2 = 3.768
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T able 3.4 Selected bond lengths for 2 phase refinement of TisLasSb^Oia
Bond Length (A)
La-O 2.4810(7) x4
2.6230(7) x4
Sb-O 1.9958(7) x6
L il-O 1.9323(7) x l
Bond Length (A)
L i2 -0 1.900(10)
2.057(11)
2.070(10)
2.390(9)
2.631(11)
2.690(8)
Figure 3.8 illustrates the final refined structure o f  7Li5La3Sb20 12. The framework o f 8 
coordinate La, octahedral Sb and tetrahedral and “octahedral” Li forms a structure that 
allows m ovem ent o f  Li ions. However, the nature o f  the conduction m echanism  and the 
factors affecting it are not well understood at this time. It is thought that the “octahedral” 
sites in the m odel proposed by Cussen9 are predominantly responsible for the high 
conductivity. This corresponds well w ith the finding by O ’Callaghan et al20 that low Li 
content garnet-related materials Li3La3T e20 12 showed a low Li ion conductivity. In these 
latter materials, the “octahedral” site is empty suggesting that Li in the tetrahedral site is not 
very mobile and it is the “octahedral” site that confers high conductivity.
Figure 3.8 Illustration o f the refined structure o f TisLasSbzO n with S b 0 6 octahedra in yellow, 8 coordinate 
La site in pink, L il tetrahedral site in light green and Li2 distorted octahedral site in dark green
3.3.2 7Li5Nd3Sb2Oi2
As for Li5La3Sb20 12, neutron diffraction data were collected under am bient conditions and 
Prior to neutron diffraction, phase purity was established using X R D , Figure 3.9.
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Figure 3.9 XRD pattern o f  TLisNdsSbzOïz showing phase purity
Rietveld refinement was carried out on the ND data as before. Section 3.3.1. The original 
Li5La3M20 12 (M = Nb, Ta) 9 model was tried before settling on that used in the refinement 
of 7Li5La3Sb20 12. It was again found to be beneficial to place the Li in two sites, the ideal 
tetrahedral and the octahedral sites discussed in Section 3.3.1. On close inspection of the 
data, it was observed that these data showed some peak anisotropy which was not 
successfully fitted using peak profiles. A second, slighdy higher cell parameter phase was 
therefore added which significandy improved the fit.
Table 3.5 shows the comparison between the two models (single and two phase) and the 
final average structure. The phase distribution was found to be 92 weight % of the primary 
phase and 8 weight % of the secondary phase. This is a similar percentage of secondary 
phase was observed in the refinement of 7I i 5La3Sb20 12. Table 3.6 shows selected bond 
lengths from 7Li5Nd3Sb20 12.
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Figure 3.10 Observed, calculated and difference neutron diffraction profile for ^LisNdsSbzOu showing a 
good fit with two phases. The upper tick marks indicate the minor phase and the lower tick marks indicate
the major phase.
T able 3.5 Structural parameters o f TdsNdaSbiOi? from neutron diffraction
Atom Site X y 2 Fractional
Occupancy
T otal site 
Occupancy
100 u
Nd 24c 1 / 8 0 74 1 .0 3 1.05(3)
Sb 16a 0 0 0 1 .0 2 0.53(4)
Lil 24d 74 7/8 0 0.62(2) 1 .8 6 0.4(2)
Li2 96h 0.1037(8) 0.6986(8) 0.5755(8) 0.262(5) 3.14 0.4(3)
O 96h 0.27830(8) 0.10391(8) 0.19927(8) 1 .0 12 1.28(3)
Space group = Ia3 d Main Phase a = 12.66238(3) Â
Secondary Phase a = 12.6884(2) A
Backscattered bank = 5.93% Rp = 5.25% Chi2 = 1.755
Single Phase fit characteristics:
Backs cattered bank R ^  = 7.89% Rp = 6.89% Chi2 = 4.625
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T able 3.6. Selected bond lengths for TdsNdsSbaOia
Bond Length (A)
N d-O 2.4314(10) x4
2.5625(10) x4
Sb-O 1.9908(10)
L il-O 1.9087(10) x4
Bond Length (A)
L12-0 2.551(10)
2.255(9)
2.147(10)
2.604(9)
1.854(10)
2.121(12)
F rom  Table 3.6 it is possible again to see the two longer bonds in the Li2 site (Figure 3.11) 
which leads to distortion o f the site similar to that occurring in Li5La3SboOr .
Li3 site
Long bonds highlighted Lil site
Figure 3.11 Illustration o f L il and L12 site geometry showing Li in white and O  in black
In  com parison with the occupancy o f  the Li sites in 7Li5La3Sb20 12 (2.8 Li in the Li2 site), 
there is slightly m ore Li in the octahedral site for the 7Li5N d 3Sb20 12 com position (3.1 Li in 
the Li2 site). This difference is interesting as there was no significant difference between 
the synthetic m ethods or thermal treatm ent prior to characterisation, and so its likely to be 
a result o f the change in lanthanide. Figure 3.12 illustrates the final refined structure; the 
similarities with the structure o f Li3La3Sb20 12 are evident indicating that as is expected, 
exchanging Ln ion does not drastically alter the structure. D espite this, the variation in 
conductivity w ith Ln ion is significant and is discussed in Section 3.5.2.
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Figure 3.12 Illustration o f refined structure o f  ^ LfiNd^SbiOn with S b 0 6 in yellow octahedra, 8 coordinate N d 
in blue, tetrahedral L il in light green and distorted octahedral in dark green
3.3.3 D iscu ssio n
N eutron diffraction was carried out under am bient conditions on two antim ony containing 
garnet related materials, 7Li5Ln3Sb20 12 (Ln = La, Nd). The structure was refined using a 
previously reported related structural m odel o f (Li5La3M 20 12 M = N b, Ta) as a starting 
point and a good fit to the data was achieved. Both phases displayed an im provem ent in fit 
when Li was distributed between a distorted octahedral site and the conventional garnet 
tetrahedral site. The distorted octahedral site displays a geometry approaching 4 coordinate 
as two bonds are very long due to the o ff centre displacement o f  the Li. A second phase 
was added to both  refinements to fit peak anisotropy and suggested that a small quantity o f 
a slightly higher cell param eter garnet phase was present. It is possible that this is the result 
o f  non-stoichiom etry occurring on the surface o f the sample during synthesis due to  Li loss 
or water incorporation (Section 3.6).
J. 4 N on-stojchiom et/y in the Li5N d 3Sb20 12 system
The neutron diffraction studies o f Li5Ln3Sb20 12 (Ln = La, Nd) showed the presence o f  a 
small am ount o f a second garnet phase, which may indicate some non-stoichiom etry in 
these systems. However, owing to the m inor nature o f  the second phase it was not 
possible to determine the exact nature o f  the phase beyond the basic cell parameters. 
Therefore, in order to better understand the second phase, several non-stoichiom etric 
com positions were synthesised and the cell parameters determined. This would allow a
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reasonable estimation of the likely non-stoichiometry tolerated by this system and an 
indication of the composition of the second phase.
The non-stoichiometries studied included lanthanide deficiency (Li5+3XNd3.xSb20 12 x = 0.1, 
0.15, 0.2, 0.3, 0.35), antimony deficiency balanced with lanthanide excess
(Lig+zxNd3+xSb2_x0 12 x = 0.1) and both lanthanide and antimony deficiency maintaining the 
Ln:Sb ratio (Li5+g 5xLn3_15xSb2^ 0 12 x — 0.04). The synthetic route for these additional phases 
was similar to that used for the main phase, i.e appropriate quantities of oxides and Li2C 0 3 
were ground intimately with a 5-10 % excess of I i 2C 0 3. All compositions were heated to 
700°C overnight before being reground and pressed as pellets. Li52Nd31Sb190 12, 
Li5 3Nd29Sb20 12 and I i 538Nd294Sb1960 12 were all heated as pellets to 925°C, and the other 
compositions were heated to 900°C for 3 hours before XKD patterns were recorded. The 
non-stoichiometric phases, where pure, formed at lower temperatures than the 
stoichiometric compositions, which generally did not form a single phase until 950°C.
3.4.1 Ln deficient phases
A non-stoichiometric series, Li5+3xNd3„xSb20 12 (x = 0, 0.1, 0.15, 0.2, 0.3, 0.35) was 
successfully synthesised. Figures 3.13 - 3.17 show the XKD patterns of x = 0.1, 0.15, 0.2, 
0.3, 0.35. Table 3.7 shows the cell parameters of the resulting garnet phases.
T able 3.7 Cell parameters o f  the Lis+axNcW ^O i: (x =  0, 0.1, 0.15, 0 .2 , 0.3, 0.35)
X Cell (A)
0 12.6550(5)
0.1 12.6541(5)
0.15 12.6672(5)
0 .2 12.6571(5)
0.3 12.6540(5)
0.35 12.6561(5)
82
ij uULl
H I H T T ' i  i 
2015 25 30 35 40 45 50 55 60 65
26°
Figure 3.13 12 hour XRD pattern o f  LisjNdzgSbaOia
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Figure 3.14 XRD pattern o f  Lig.^Ndz^sSbzOiz showing no phase impurity
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Figure 3.15 12 hour XRD scan o f  D^XdzB^b^D^ highlighting D 2CO3 impurity in blue
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Figure 3.16 12 hour XRD scan o f  Lij.gNdzySbaOu highlighting LizCOs peaks in blue
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Figure 3.17 12 hour XRD scan o f  Lie.osNdzesSbzOiz showing U 2CO3 impurity in blue and NdzOs impurity
in red
In addition to the series Li5+3XNd3.xSb20 12, two other non-stoichiometric samples were 
made, a Sb deficient composition Li5 2Nd3 jSbj 90 12 and a composition deficient in both Nd 
and Sb while maintaining the ratio between the two, Li5 38Nd294Sb1960 12. Figure 3.18 shows 
the XKD pattern of Li52Nd31Sb190 12 which indicates that a cubic garnet phase was 
synthesised (a = 12.6736(5) Â) with a significant amount of Nd20 2C 0 3 impurity.
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Figure 3.18 3 minute XKD scan o f  Li5.2N d 3.1Sb1.9O 12 showing NcbOaCOs 
impurity in green
Figure 3.19 shows that the synthesis of Li538Nd294Sb1960 12 also resulted in significant 
impurities, in this case Sb20 3 and Nd20 3.
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Figure 3.19 12 hour XRD scan o f  Li5.3gNd2.94Sb1 .% 0 1 2  showing SbaOs impurity in 
purple and NdaOj impurity in red
The results therefore suggested that non-stoichiometry in the form of lanthanide 
deficiency, i.e. Li5+3xNd3„xSb20 12, was possible, while the other strategies were unsuccessful.
3.4.2 Effect of Ln deficiency on conductivity
The conductivities of the Li5+3xNd3_xSb20 12 (x = 0.1, 0.15, 0.2 and 0.3) series were measured 
in air; both the quenched and annealed conductivities were recorded although the 
conductivity of x = 0.35 was not measured as the sample contained Nd20 3 impurity. In all
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these samples, a change in activation energy was observed at high tem peratures along with 
some thermal history effects. Figures 3.20 - 3.24 show the conductivity in air for the series 
Li5+3XN d VxSb20 12 (x = 0, 0.1, 0.15, 0.2 and 0.3). The values obtained from  these 
m easurem ents are in Table 3.8.
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Figure 3.20 Quenched and annealed conductivity measured in air o f  LisNdjSbaOia
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Figure 3.21 Quenched and annealed conductivity measured in air o f LisjNdzgSb^O^
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Figure 3.22 Quenched and annealed conductivity measured in air o f  L ij^N dzssSbsO i:
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Figure 3.23 Q uenched and annealed conductivity measurem ent in air o f Lis.ôNdzsSbaOi 
2
1
g  0 
-1 
-2
Eo
V)
t-b
J )  -3 
-4 
-5
♦ Quenched
* Annealed
1 1.5 2 2.5 3
1000/ T (K)
Figure 3.24 Conductivity m easurem ent in air Lis.oNdzvSbaOn
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T able 3.8 Conductivity values for Lis+sxNds-xSbaOio (x =  0, 0.1, 0.15, 0.2, 0.3) series measured in air
X Therm al
G 200°C E a (eV) low E a (eV) high
History (Scm 1) tem perature region tem perature region
0 Quenched 0.00101 0.87 0.46
0 Annealed 0.00125 0.69 0.53
0.1 Q uenched 0.00074 0.96 0.40
0.1 Annealed 0.00127 0.72 0.37
0.15 Quenched 0.00126 0.54 0.62
0.15 Annealed 0.00140 0.71 0.55
0.2 Q uenched 0.00103 0.64 0.57
0.2 Annealed 0.00130 0.66 0.49
0.3 Q uenched 0.00068 0.69 0.56
0.3 Annealed 0.00120 0.68 0.52
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3.4.3 Discussion
The series Li5+3XNd3.xSb20 12 (x = 0, 0.1, 0.15, 0.2, 0.3, 0.35) was successfully synthesised 
with the variation in cell parameters shown in Table 3.9. The data show a lack of 
systematic variation with Nd deficiency (x), indeed the cell parameters for all the samples 
are fairly similar. This may be the result of the charge balancing mechanism involving one 
Nd3+ (1.109 Â 28) being replaced by 3 smaller I i + (0.590 A  in a tetrahedral site and 0.76 A  in 
an octahedral site28) giving an overall balance in size. However, it is possible that there may 
be amorphous impurities in the samples which are not visible in XRD and if this is the 
case, it would indicate that the compositions achieved are not those anticipated. Additional 
features affecting the cell parameters could include the distribution of Li between the 
tetrahedral and "octahedral sites” and incorporation of water into the structure. These 
factors serve to complicate the issue and suggest additional NPD structural work is 
required to investigate the non-stoichiometry and explain the peak shoulders observed in 
Section 3.3.
T able 3.9 Summary o f  cell parameters obtained using XKD for the series Lis+sxNds-xSbaOia (x =  0, 0.1, 0.15,
X a (A) Volume (À3)
0 12.6550(5) 2026.7(2)
0.1 12.6541(5) 2026.3(2)
0.15 12.6672(5) 2032.6(2)
0 .2 12.6571(5) 2027.7(2)
0.3 12.6540(5) 2026.2(2)
0.35 12.6561(5) 2027.2(2)
O f the two other non-stoichiometric regimes synthesised, neither was shown to lead to 
single phase samples. For the composition Li52Nd31Sb190 12 the presence of a Nd rich 
impurity Nd20 2C 0 3 indicates that this doping strategy was not successful. In the synthesis 
of Li5 38Nd294Sb1960 12 both Nd and Sb rich impurities were observed again indicating the 
desired composition was not formed and that this doping strategy was also unsuccessful.
Conductivity measurements on the Li5+3xNd3.xSb20 12 (x = 0, 0.1, 0.15, 0 .2 , 0.3) series 
showed clear evidence for thermal history influence on the conductivity in all the samples. 
This was predominandy displayed as a higher conductivity at 200°C for the annealed 
sample in comparison to the quenched sample. Figure 3.25 shows the pattern of quenched 
and annealed conductivities for the series. This shows a clear maximum in quenched
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conductivity at the x =  0.15 com position and little variation in the related annealed 
conductivities. The highest conductivity o f the series was recorded for x = 0.15 under 
annealed conditions. Given these results, it appears that introducing Ln deficiency into the 
Li5N d 2Sb20 12 system does not enhance or reduce conductivity significantly.
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Figure 3.25 Plot o f quenched and annealed conductivity in air for the L fi+ G h ld ^h b riG  system
The change in conductivity with thermal history is also observed in other analogous 
systems (Chapter 6) with the Li6ALa2N b 20 12 (A =  Ca, Sr, Ba) system. However, in that 
case the conductivity o f  the quenched sample was higher than that o f  the annealed sample, 
although the cause o f  the difference between the two systems is no t clear. Previously it 
was thought that for Li6ALa2N b 20 12 the higher conductivity for the quenched samples was 
due to increased Li in the distorted "octahedral" site as a result o f  the high tem perature 
quenching process, but this cannot be the case for the Li5+3xN d 3„xSb20 12 systems studied 
here as the quenched conductivity is lower than the annealed. Therefore, the m ost likely 
explanation is that another feature so far not considered is at work, namely water 
incorporation which is then rem oved on heating. W ater uptake on slow cooling could 
displace Li on to the surface o f  the grains as L iO H  (or Li2C 0 3 on subsequent reaction w ith 
C O j;  water incorporation in these garnets is discussed in m ore detail in Section 3.6.
A change in activation energy was also observed in all the samples, with a lowering o f 
activation energy observed at high temperatures. The exception to this was w here x = 0.15 
where the activation energy increased slightly at higher tem peratures in the quenched 
measurement. The change in activation energies observed could be the result o f  defect 
trapping at lower temperatures. Li ion clustering, as suggested by Cussen9 could account 
for this trapping.
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3.5 Synthesis and conductivity o f  Li5Ln3Sb20 12 (Ln -  La, N d, Pr, Sm, 
Eu)
A series of compositions was synthesised in order to determine what effect the size of the 
Ln ion had on conductivity. As has ahead been discussed, Li5Ln3Sb20 12 Ln = La and Nd 
have both been investigated by neutron diffraction (Section 3.3). In addition, the 
attempted synthesis of samples with different rare earths Li5Ln3Sb20 12 (Ln = Pr, Sm, Eu, 
Gd and Ho) was performed. O f these phases, Ln = Gd and Ho compositions did not 
produce a garnet material under the synthesis conditions employed and so were not 
included in the conductivity series. The synthetic route for these materials was similar in 
each case; stoichiometric quantities of high purity Ln20 3 and Sb20 3 were ground intimately 
with Li2C 0 3 in 10% excess before being heated as a powder to 700°C for 14 hours. The 
samples were then pressed as pellets and heated in lidded crucibles to 900°C for 3 hours, 
before being reground and reheated under the same conditions to 950°C for 1.5 hours.
3.5.1 Synthesis of LigLnsSbzOn (Ln = La, Nd, Pr, Sm, Eu)
Li5La3Sb20 12 was successfully synthesised in order to carry out neutron diffraction 
experiments (Section 3.3.1), as was Li5Nd3Sb20 12. The cell parameters, as determined by 
fitting the cubic unit cell for the series Li5Ln3Sb20 12 (Ln = La, Pr, Nd, Sm, Eu) are in Table 
3.10. Figures 3.26 — 3.28 show the XRD patterns for the remainder of the series 
Li5Ln3Sb20 12 (Ln = Pr, Sm, Eu)
T able 3.10 Cubic cell parameters for LisLr^SbaOia (Ln =  La, Nd, Pr, Sm, Eu) from XRD data
Ln Garnet cell param eter (A)
La 12.8406(5)
Pr 12.7118(5)
Nd 12.6550(5)
Sm 12.5827(5)
Eu 12.5386(7)
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Figure 3.26 XRD pattern o f  LisPrsSbaO^
I
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Figure 3.27 XRD pattern o f  D^Sm^Sb^D^ showing suspected SbzOs impurity in purple
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Figure 3.28 XRD pattern o f  LisEusSb^O^ showing some SbaOj impurities in purple
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3.5.2 Conductivity of LigLmSbzOn (La -  La, Pr, N d, Sm, Eu)
Conductivity m easurem ents were carried out in air and the differences in this param eter 
were correlated w ith the size o f the Ln ion. All the phases showed high conductivity, with 
the highest21 value observed for Ln = La. The values for the Li5Ln3Sb20 12 (Ln =  La, Pr, 
Sm, Eu) samples obtained from these m easurem ents are given in Table 3.11. The data for 
Ln = N d has already been discussed in Section 3.4.2.
Figure 3.29 shows the quenched and annealed conductivity in air o f  Li5La3Sb20 12. Regions 
o f different activation energies are observed with one region at low tem peratures, one at 
high tem peratures and a region seemingly linking the two. In  addition, there was also 
evidence for thermal history influences on the conductivity.
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Figure 3.29 Conductivity o f  LisLajSbgOu in air
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Figure 3.30 shows the quenched and annealed conductivity m easured in air o f  Li5P r3Sb20 12. 
D istinct regions with differing activation energies are visible in the plot as well as the effect 
o f a variation in thermal history. Figure 3.31 shows the quenched and annealed 
conductivity in air o f Li5Sm3Sb20 12; two regions o f  activation energy are visible in each o f 
the quenched and annealed measurements. There is very little difference between the two 
thermal histories in this sample. Figure 3.32 shows the cubic quenched and annealed 
conductivity in air o f Li5E u2Sb20 12. There is a decrease in activation energy at high 
tem peratures in both  the quenched and annealed samples, but little difference between the 
two thermal histories.
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Figure 3.30 Q uenched and annealed conductivity in air o f  LisPr^SbaOn
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Figure 3.31 Q uenched and annealed conductivity in air o f LisSm^SbaOn
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Figure 3.32 Quenched and annealed conductivity o f LhEu^Sb^On in air
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T able 3.11 Conductivity values for LisLmSbzOu (Ln = La, Pr, 8m, Eu) in air
Ln Therm al
History
2^00°C
(Scm 1)
E a low 
temperature 
region (eV)
E a
interm ediate 
region (eV)
E a high
tem perature 
region (eV)
La Q uenched 0.00031 0.88 0.26 0.72
La Annealed 0.00099 0.63 0.19 0.47
P r Q uenched 0.0104 0.53 1.13 0.42
P r Annealed 0.00709 0.58 0.49
Sm Q uenched 0.00070 0.97 0.23
Sm Annealed 0.00042 0.73 0.02
E u Q uenched 0.00013 0.71 0.36
E u Annealed 0.00024 0.68 0.35
3.5.3 D iscussion
As expected, the cell volum e increases with the Ln size and this is illustrated by Figure 3.33; 
the two smallest Ln phases (Ln = Sm, Eu) showed some Sb20 3 im purity by XRD. This 
suggests that the garnet phase in these patterns may no t be stoichiometric but rather 
slighdy Sb deficient. Alternatively, there may be an am orphous Ln rich im purity no t visible 
using XRD. In addition, the failure to form the Ln = G d and H o phases suggests that the 
phase with smaller rare earths are less stable than those containing larger rare earths. It 
could be considered that some non-stoichiom etry may be favourable {e.g. rare earth 
substitution on the Sb site) to help stabilise the structure w hen a smaller Ln ion is used, 
although this would require further detailed structural studies to confirm  this hypothesis.
12.9 i T 2160
-♦—cell parameter
volume 2120
r  12.8
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2080 %
2040 '
= 12.6
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12.5 1960
1.066 1.086 1.106 1.126 1.146
Ln ionic radius
Figure 3.33 Relationship between cell size and Ln ionic radius in LfLn^SbzO n Ln =  La, Pr, N d, Sm, Eu. 
Standard deviation is too small to plot but can be seen in Table 3.10
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Figure 3.34 shows the com parison o f the annealed conductivity m easurem ents o f  the series 
Li5Ln3Sb20 12 (Ln =  Ln, Pr, N d, Sm, Eu). The annealed data were chosen for comparison 
because these are m ore consistent than the quenched run. These data dem onstrate that 
Li5La3Sb20 12 displays the highest room  tem perature conductivity, however at 200°C, the 
highest conductivity was displayed by Li5P r3Sb20 12 ((7 200oC = 0.0104 S cm 1). The garnet 
phases with the smaller lanthanides show the lowest conductivities; the cell contraction 
around the smaller Ln site could mean less space available through which Li ions can 
move, reducing the conductivity.
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Figure 3.34 Comparison o f annealed conductivity in air o f the phases LLLfuStyO n (Ln=La, Pr, N d, Sm, Eu)
In all the samples in this series the conductivity m easurem ents showed a change in 
activation energy between low and high temperatures as has also been observed in other 
related phases (Chapters 4 and 5). This is m ost likely related to defect clustering at lower 
temperatures. For some samples (Ln = La and Pr), another interm ediate region was also 
observed, although at the present the origin o f  this interm ediate region is unclear.
In  addition to the trends discussed above, there was also evidence for therm al lais tory 
effects. F or the larger rare earth elements (Ln = La, Pr, Nd) there was a clear separation 
between the quenched and annealed conductivity runs, while for the smaller rare earths (Ln 
= Sm, Eu), the difference was no t as evident. W ater incorporation may be influencing the 
conductivity in these materials and is discussed further in Chapter 5.
J.ri Phase changes in the series Li-Ln3Sh20 12 (Ln=La, Pr, N d , Sm, E u)
A n interesting observation was noted for the series Li5L n3Sb20 12 on prolonged storage 
(several m onths) o f  the samples in screw cap sample bottles. In particular X RD  patterns 
showed peak splitting consistent w ith a change to a tetragonal unit cell, as shown for 
Li5N d 2Sb20 12 in Figure 3.35.
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Figure 3.35 Cubic to tetragonal transition in the LisNcbSbzOn system
The reflections were first identified and then the cell fitted using UnitCell.exe23. Initially, it 
was thought that this may be related to water incorporation to give Li5Ln3Sn20 12.xH20 , but 
the cell volume showed a reduction, contrary to the anticipated expansion. The contraction 
of the cell volume therefore suggests something other than simple absorption of water 
occurring. In order to rationalise these changes, a study was carried out on a selected 
series, i.e. Li5Ln3Sb20 12 (Ln — La, Pr, Nd, Sm, Eu) to establish the conditions required to 
bring the change about.
The changes were thought to be the result of water action, and so a series of tests under 
humid conditions were carried out, where samples were placed in a sealed chamber with a 
water source (to increase humidity) and then heated for a number of hours at low 
temperatures (<100°C) before an XRD was taken. The results of this experiment can be 
seen in Table 3.12 which identifies the cells as cubic, tetragonal or mixed. Mixed cells are 
those that show both peaks due to the presence of a cubic and tetragonal garnet, as 
illustrated in Figure 3.36.
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Figure 3.36 Illustration o f  the stages observed during a “tetragonal to cubic” phase transition
The transition from a cubic to a tetragonal cell was found to be reversible on heating above 
100°C. Table 3.13 shows the changing cell parameters between cubic and tetragonal 
phases in this series. The tetragonal unit cell has an equal or lower volume than the cubic 
cell. In particular, reductions in cell volume were observed for Ln = Sm and Eu.
High temperature XRD studies were carried out on a number of samples, two of which 
showed a distinct phase change with increasing temperature. Li5Sm3Sb20 12 and 
Li5Eu3Sb20 12 started the experiment as tetragonal samples, remaining tetragonal to 200°C 
where the sample became mixed cubic and tetragonal. The samples then remained cubic to 
the highest temperature recorded and on cooling to room temperature. Selected patterns 
for I i 5Eu3Sb20 12 are shown in Figure 3.37
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Table 3.12 Results o f heating Sb based garnets in a humid atmosphere
Heating condition Cell
Li5La3Sb20 12
900°C 1 hr Cubic
2 0  days Ambient conditions Mixed, predominantly cubic
80°C 48hr, 60hr and lOOhr humid All mixed, predominantly cubic, no 
significant differences observed
900°C 1 hr Cubic
9 days ambient conditions Tetragonal
80°C, 48hr, 60hr, lOOhr humid Cubic
Li5N d3Sb20 12
900°C 1 hr Cubic
10  days ambient conditions Tetragonal
80°C 48hr humid Mixed, predominantly cubic
80°C 60hr, lOOhr humid Cubic with slight peak broadening
Ambient conditions intimately mixed with 50% 
excess Li2C 0 3, measured several times over a 
number of months
Cubic
Dry atmospheres (desicator 3 months) Cubic
LisSm3Sb20 12
900°C 1 hr Cubic
8 days ambient Tetragonal
80°C 48hr humid Cubic with peak broadening
80°C 60hr, lOOhr humid Mixed, predominantly cubic
Li5Eu3Sb20 12
900°C Ihr Cubic
8 days ambient conditions, starting as a cubic 
sample
Tetragonal
80°C 48hr, 60hr, lOOhr humid Tetragonal
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Table 3.13 Change in cell parameters between cubic and tetragonal garnet phases
Phase Cell volume
(A')
a(À) c (A)
Li5La3Sb20  j 7 Tetragonal 2118.0(3) 12.9119(10) 12.704(1)
Cubic 2117.7(2) 12.8416(5)
I i 5Pr3Sb20 12 Tetragonal 2054.8(3) 12.8034(9) 12.535(1)
Cubic 2054.1(2) 12.7118(5)
Li5Nd3Sb20 12 Tetragonal 2026.3(3) 12.7449(5) 12.475(1)
Cubic 2026.7(2) 12.6550(5)
Li5Eu3Sb20 12 Tetragonal 1954.8(3) 12.6828(10) 12.154(1)
Cubic 1971.3(3) 12.5386(7)
Li5Sm3Sb20 12 Tetragonal 1984.3(3) 12.6614(1) 12.378(2)
Cubic 1989.5(2) 12.5772(5)
Ic<u
Cooled to 25°C
Figure 3.37 Selected high temperature XRD patterns for LisLasEuaOn
Thermal analysis was performed on the Li5Ln3Sb20 12 (Ln = La, Pr, Nd, Eu) samples which 
showed significant weight loss and Figure 3.38 shows the thermogravimetric analysis data 
for Li5Eu3Sb20 12.
Feature A is thought to be a small loss of water and corresponds with the phase change 
between 200-300°C observed during the high temperature XRD experiment in Figure 3.37.
99
Feature B is a large weight loss potentially also water related. Feature C is possibly caused 
by loss o f C 0 2 from  Li2C 0 3 (excess was added during synthesis and the tem perature this 
feature occurs at is consistent w ith the decom position o f  Li2C 0 3). Assum ing Features A 
and B are caused by water loss, this equates to 4.5 H 20  per formula unit, which is very 
high.
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Figure 3.38 Thermal analysis o f  LisEuaSb^OiT
Figure 3.39 shows the thermal analysis data for Li5Ln3Sb20 12 (Ln =  La, Pr, Nd). In  each o f 
these plots. Features A and B are com bined as the assum ption is they are both  w ater loss. 
These three samples lost similar quantities o f  water, in the region o f  4.5 FLO per formula 
unit (Table 3.14).
T able 3.14 W ater loss from LLLmStuOn (Ln =  La, Pr, Nd, Eu)
Sample Ratio of H 20:G arnet formula unit
Li5La3Sb20 12 3.94
Li5P r3Sb20 12 4.66
Li5N d 3Sb20 12 4.70
Li5E u 2Sb20 12 4.52
100
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Figure 3.39 Combined thermal analysis data for LisLngSb^Oi? (Ln = Pr, N d, Eu)
A structural study was designed to determ ine the nature o f the tetragonal materials using 
neutron diffraction and a “hydrated” 7Li5N d 3Sb20 12 phase, synthesised using 7I i  enriched 
Li2C 0 3 to avoid the high neutron absorption cross section o f  6I i .  By incorporating hhO  
into one portion o f  the sample, and D 20  into a second portion, m easurem ent at 4.2 K  can 
potentially allow the identity o f the H /D  within the structure by virtue o f  the different 
neutron scattering lengths. The scattering length29 o f H  is -3.74x1024 cm 2 and D  is 6.67x10' 
24 cm 2. Low tem perature m easurem ents (4 K) were perform ed to reduce the tem perature 
factors sufficiently to allow the locality o f H  and D  to be determined. Using Fourier m ap 
techniques, the difference in scattering can be identified betw een the two samples and the 
likelihood o f  locating an H  or D  in that position is good. The data were collected on the 
POLARIS diffractom eter at the ISIS neutron facility. The resulting data was com plex and 
structural analysis is still underway. Initial results however indicate that the structure o f 
these tetragonal samples differs from  the tetragonal garnet structure observed for the high 
Li content phase Li7La3Sn20 12 discussed in Chapter 7.
3.6.1 Discussion
Phase changes have been observed in all m em bers o f  the Li5L n3Sb20 12 (Ln = La, Pr, N d, 
Sm, Eu) series under a range o f conditions. Am bient conditions were found to produce 
m ost reliably the cubic to tetragonal phase change which was reversible at increased 
temperatures.
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The conditions under which changes were observed indicated that water was involved in 
the mechanism as heating removed the water and reversed the changes. In particular, it is 
thought that water and /  or C 0 2 interact with Li to form Li2C 0 3 and LiOH on the 
surfaces. Initially, water was though to be entering the sample, bringing about change in 
the structure. However, following XRD analysis which showed the absence of the 
expected cell expansion and in some samples, an unexpected cell contraction, it was 
thought that possibly a L i/H  exchange mechanism was occurring, drawing Li out of the 
sample. Thermal analysis showed that weight losses thought to be due to water loss from 
internal sites would amount to approximately 4 H20  per formula unit. This is a large 
quantity of water for the sample to hold without also expanding the cell volume to 
accommodate it, which as has already been mentioned, is not seen. However, if the water 
is included in other materials (LiOH for example) on the surface of the particles then this 
may account for the large storage capacity with unusual cell changes. Particle size and 
morphology are likely to influence this effect and so may explain the complex nature of the 
process. These findings are consistent with results in Chapter 6 for the high l i  content 
Li7La3Sn20 12, which suggest that Li and H can exchange and form I i 2C 0 3/L i0 H  on the 
surface of particles, bringing about a phase change.
Neutron diffraction work on the hydrated 7Li5Nd3Sb20 12 samples is ongoing, but 
preliminary data analysis suggests that the structure obtained is subtly different to the 
tetragonal structure observed for Li7La3Sn20 12 in Chapter 7.
Changes observed in these materials show the subtle complexities of the garnet structure. 
The exchange mechanisms at work are likely to be complex and until the structure of the 
hydrated sample is fully understood, further conclusions cannot reliably be drawn about the 
processes occurring.
J. 7 Aliovalent doping o f the Ln site using alkaline earth metals
3.7.1 Synthesis of alkaline earth metal doped materials
A series of higher Li content phases Li6ANd2Sb20 12 (A = Mg, Ca, Sr, Ba) were synthesised 
to investigate the effect of l i  content on conductivity. The synthesis of this series was 
achieved by heating to 700°C for 14 hours before heating as pellets with a lid to 900°C for 
6 hours and 950°C for 1.5 hours, regrinding and re-pressing in between heating stages. 
10% excess I i 2C 0 3 was added initially to reduce the effect of high temperature l i  loss.
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The results suggested that Mg doping was unsuccessful, as illustrated by the presence of 
significant impurities (Figure 3.40), and negligible change in cell parameters on doping (a = 
12.6601(5) Â ) in comparison to the undoped material (a = 12.6550(5) A ).
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Figure 3.40 XRD pattern o f  LiôMgNdaSbaOn showing an MgO impurity in orange, LiaCOs in blue,
Li3Sb0 4  in green and SbaOs in purple
In contrast, doping with Ca and Sr appeared to be more successful. For the Ca doped 
phase (Figure 3.41) the cell parameters of the garnet phase were (12.6538(5) A ) and it was 
found to have a minor Nd20 3 impurity. Again the doping has resulted in litde change to 
the cell parameter of the garnet phase, but this can be attributed to the similarity in size of 
Ca and Nd.
6515 25 35 45 55
2 6 °
Figure 3.41 XRD pattern o f LieCaNd^SbaOn with a minor NdaCb impurity shown in yellow
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Figure 3.42 shows the XRD for the successful Sr doped sample. The garnet phase shows a 
cubic cell parameter of (12.7771(5) A). The increase in cell size and the apparent lack of 
Nd or Sb based impurities suggests that Sr has doped on to the Nd site as anticipated.
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Figure 3.42 XRD pattern o f  LieSrNchSbiOi:!
Doping with Ba was less successful than Ca and Sr (Figure 3.43) as the XRD pattern 
indicates significant perovskite impurity (Ba2N dSb06 phase30). The garnet cell parameter 
was 12.7206(5) A which is slightly higher than the parent phase, suggesting partial Ba 
substitution.
$
J
15 25
35 26° 45 55 65
Figure 3.43 XRD pattern o f  DôBaNckSbiOia showing Ba2NdSb06 impurity in pink
3.7.2 Effect of aliovalent doping on conductivity
O f the four compositions attempted in Section 3.7.1, only two were pure enough for 
conductivity measurements. These were carried out in air upon a sample quenched from
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800°C to room  tem perature and a sample annealed at 400°C in the same m ethod used 
previously (Sections 3.4.2, 3.5.2).
The conductivity o f Li6C aN d2Sb20 12 in air showed a significant difference between the 
conductivity at 200°C for the two thermal histories investigated (Figure 3.44 and Table 
3.15). The quenched conductivity was lower than the annealed and indeed lower than the 
parent phase conductivity under the same thermal history conditions (Li5N d 3Sb20 12 (J200=c 
=  0.00101 S cm"1). In  addition, the activation energy decreased at high tem peratures as has 
been observed in other related phases (Sections 3.4.2, 3.5.2)
1
0
g
-1 
-2
Eo
CO
o -3
-4
-5
♦ Quenched
♦ Annealed
1.5 2 2.5
1000/T (K)
3.5
Figure 3.44 Quenched and annealed conductivity in air o f LhCaNdzSlnOi
T able 3.15 Conductivity values o f IT C aN diS lnO n  in air
Therm al O,200°C E a (eV) low E a (eV) high
History (Scm 1) tem perature tem perature
region region
Q uenched 8.12x10" 0.77 0.50
Annealed 0.00023 0.63 0.37
Figure 3.45 shows the conductivity o f  Li6SrN d2Sb20 12 in air. This sample show ed none o f 
the therm al history behaviour observed in the analogous Ca doped phase or o ther related 
phases (Section 3.4.2, 3.5.2). Additionally, the change in activation energy observed in 
these phases was also absent in this case. The values from this m easurem ent are given in 
Table 3.16.
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T able 3.16 Conductivity values o f LieSrNd^SbiC ) 12 in air
Therm al
CT200°C
E , (eV)
History (Scm 1)
Q uenched 0.00355 0.49
Annealed 0.00308 0.51
3.7.3 D iscu ssio n
D oping Li5N d 3Sb20 12 w ith Mg on the N d site was no t successful, as indicated by XRD 
which showed significant impurities and little change in cell parameters. Ca and Sr doping 
were m ore successful: in the Ca doped com position, the cell size was approximately the 
same as the undoped Li5N d3Sb20 12, which is due to Ca2" (1.12 A) and N d 1" (1.109 Â) 
having similar ionic radii"8. A small N d 2Q 3 impurity indicates a degree o f  no n ­
stoichiometry may be present in this sample. It is possible the doping has been ambi-site in 
nature, so Ca enters both the N d  and Sb sites which would be charge balanced by 
additional Li from the excess Li2C 0 3. Sb rich impurities are no t visible by X R D  in this 
sample so additional work is required to establish if  this has occurred.
Sr doping resulted in a higher cell param eter than the undoped phase which indicates that 
Sr has successfully entered the structure as Sr2' (1.26 A) is larger than N d 3428. D oping with 
Ba was partially successful with the production o f  a m ajor impurity phase containing Ba. 
In this com position, the garnet cell was found to have expanded a little in com parison to 
the undoped material suggesting that a small am ount o f  Ba had entered the structure.
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The conductivity of the two purest samples of the series, Li6ANd2Sb20 12 A = Ca, Sr, were 
measured. Both samples displayed high Li ion conductivity. The highest conductivity was 
measured in a quenched sample of A = Sr ( g 200=c = 0.00355 S cm'1) and this phase displays 
higher conductivity than the comparable undoped Li5Nd3Sb20 12 phase (g200oC = 0.00101 S 
cm'1) consistent with the higher l i  content as has been observed in related phases 
Li3+ ^ L a ^ b 2Oi2 (A = Ca, Sr, Ba)1'»"1».
The Ca doped sample showed evidence of thermal history affecting conductivity as the 
quenched and annealed samples displayed differing conductivities at 200°C. This is 
concurrent with other related phases which also show this behaviour, where the 
conductivity of the annealed sample is higher than the quenched, but this was not observed 
with the A = Sr sample. Unexpectedly, the quenched A = Ca phase displayed very low 
conductivity (g200=c = 8 .12x10"5 S cm'1) in comparison to the related Sr doped phase. The 
reasons for this are not clear but further illustrate the complexity of the conductivity 
mechanism within these materials.
3.8 Conclusions
Neutron diffraction studies on Li5Ln3Sb20 12 (Ln = La, Nd) showed that the structure of 
these two phases is similar to that previously reported in the literature for the related Nb
containing systems Li5La3Nb20 129. The samples crystallise in the Ia3 d space group with a 
unit cell size of 12.6-12.7 Â. Li is found in two sites, the ideal garnet tetrahedral site which 
displays no distortion, and a highly distorted octahedral site. This site has two bonds 
significantly longer than the others which make it appear closer to a 4  coordinate geometry.
A second phase was resolved in both the neutron diffraction patterns of Li5Ln3Sb20 12 (Ln 
= La, Nd) that appeared to display all the same peaks as the main phase but with a 
marginally higher cell parameter. This was attributed to a second garnet phase containing a 
level of non-stoichiometry introduced during synthesis. The nature of this phase was 
investigated through the synthesis of a range of likely phases and subsequent 
characterisation of these phases. It was found that the most favourable non-stoichiometry 
was the Ln deficiency (Li5+3xNd3„xSb20 12 x = 0.1, 0.15, 0.2, 0.3).
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In addition to the Li5Ln3Sb20 12 (Ln = La, Nd) samples, further samples were successfully 
synthesised - Li3Ln3Sb2C\ 2 (Ln = Pr, Sm, Eu). The conductivity of these phases was 
determined and it was found that they all displayed high Li ion conductivity, as before. 
The samples with the largest unit cell size (Ln = La) displayed the highest conductivity at 
room temperature.
Phase changes were observed in the Li5Ln3Sb20 12 (Ln = La, Pr, Nd, Sm, Eu) compositions 
on prolonged storage. These changes are thought to be the result of Li exchange occurring 
with H to give a garnet Li5„xHxLn2Sb20 12 with LiOH (and Li2C 0 3) forming on the surface 
of the particles. Similar results were seen in Chapter 6 for the high Li content phase 
Li7La3Mrv20 12 (MIV = Sn, Zr).
Aliovalent doping was carried out in order to increase the l i  content of these materials and 
assess the effect on the conductivity. O f the I i 6ANd2Sb20 12 (A = Mg, Ca, Sr, Ba) samples 
synthesised, the samples where A = Mg and Ba contained significant impurities. The other 
two samples (A = Ca, Sr) were of higher quality and Li6SrNd2Sb20 12 displayed the highest 
conductivity of the series.
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4.1 Introduction
The structure of lithium containing garnet-related materials lends itself to a ide variety of 
compositions from poorly conducting I i 3Nd3W20 121 to the high Li content, highly 
conducting Li6ALa2Nb20 122’ 3 (A = alkaline earth metal) and related materials4. The 
discovery of fast Li ion conduction in the Li6ALa2N b20 12 system5 sparked a lot of interest 
in the materials and their structure property relationships.
In addition to the Sb based systems, Li5Ln3Sb20 12, discussed (Chapter 36,7), both Nb and 
Ta based systems have been studied. The Nb based system Li5Ln3Nb20 12 (Ln = rare earth 
element) has been extensively studied both as part of this project and by others2,3’5’8"13. 
The majority of information about these phases has been structural and conductivity 
studies culminating in the neutron diffraction studies by Cussen et al.XQ which concluded
that these materials crystallised in a cubic la 3d  space group with Li in tetrahedral and 
distorted octahedral sites. Subsequently, we have studied the Li6ALa2Nb20 12 (A = Ca, Sr, 
Ba) system, which is reported here in more detail2,3.
In addition to the Nb based system, the Ta containing garnets, Li5La3Ta20 12 are also a 
popular choice8,13'17. These materials display similar fast Li ion conduction and a variety of 
compositions has been studied. They have also been shown to have the same general 
structure as the Nb and Sb based systems17.
Neutron diffraction is widely regarded as the best way to study the structural characteristics 
of these materials although solid state NMR has also been used, producing interesting 
results12. In this chapter, Nb and Ta based garnet-related materials are studied using a 
range of techniques. O f particular interest is aliovalent doping and the effects of non­
stoichiometry on these systems and how structural and non-stoichiometry features relate to 
the Sb containing systems already discussed.
4.2 Experimentalprocedure
High purity Li2C 0 3 was intimately mixed with high purity Ln20 3 (Ln = La, Nd) and Nb20 5 
or Ta2Os with an additional 5-10% Li2C 0 3. The mixture was then heated overnight at 
700°C and the powder was re-ground before being pressed into a pellet. The samples were 
heated in lidded crucibles in several stages, firstly at 900°C for 3 hours, then reground and 
pressed once again before being heated for a further 3 hours at 900°C, then 1.5 hours at 
950°C. Three samples (7Li6ALa2Nb20 12 A = Ca, Sr, Ba) were prepared for neutron
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diffraction. 7I i  enriched Li2C 0 3 was used in place of natural abundance Li2C 0 3 to 
overcome the large neutron adsorption cross-section of 6Li. Time of flight neutron 
diffraction experiments were carried out on the HRPD diffractometer at ISIS, Rutherford 
Appleton Laboratory; the data were collected at room temperature. Rietveld refinement 
was performed using the GSAS18 and EXPGUI19 suite of programs to obtain the average 
structure of the phases studied.
In some cases additional excess lithium (i.e. above the 5 - 10% excess mentioned 
previously) was required (e.g. Li6SrLa2Nb20 12). This requirement was evident from the 
XRD patterns which showed significant impurities and were found to improve when an 
additional 5% l i  was added. The sample was then pressed and reheated for a second time 
at 950°C for 1.5 hours.
When the sample was found to be single phase from XRD data, (for example see Figure 
4.1), cell parameters were determined using the program UnitCell20. The cell was fitted as 
a cubic system as determined in Section 4.3.2. Conductivity measurements were then 
performed and, for these, a fragment of pellet was pasted with gold paste. Gold electrodes 
were attached using the paste and then cured at 800°C for 30 minutes. Before conductivity 
measurements were recorded, the sample was quenched from 800°C to room temperature.
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Figure 4.1 XRD pattern o f  ILCaLaaTaaOn showing phase purity
Conductivity measurements were taken from room temperature to 440°C and back to 
room temperature in 30 - 40°C increments. The initial measurements (room temperature- 
440°C) formed the quenched conductivity readings, and the second set of measurements 
(440°C — room temperature) formed the annealed set o f measurements.
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4.3 The Li5La3Nb20 12 system
4.3.1 N  on-stoichiometry
It was previously reported (Chapter 3) that the related antimony based system 
LigNdjSbgO^, was tolerant to lanthanide deficiency, forming a range of non-stoichiometric 
phases Li5+3xNd3_xSb20 12 (x = 0.1, 0.15, 0.2, 0.3). In order to study the nature of non­
stoichiometry in the Nb based system, a similar series of samples was studied - I i 5+3XLa3„ 
xNb20 12 (x = 0, 0.1, 0.2, 0.3, 0.4).
4.3.1.1 Synthesis
Figure 4.2 shows the XRD pattern for the x -  O endmember, Li5La3Nb20 12 indicating a 
successful formation of a garnet phase (12.7921(5) Â) with minor La20 3 and La2LiN b06 
impurities.
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Figure 4.2 XRD pattern o f  LisLasM^O^ showing LasLiNbOg in blue and LaaCb in red
For the samples with nominal La deficiency I i 5+3XLa3.xSb20 12 (x = 0.1, 0.2, 0.3, 0.4), a cubic 
garnet phase was formed in each instance, cell parameters for which are presented in Table 
4.1. XRDs are shown in Figures 4.3 to 4.6.
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T able 4.1 Cell parameters of the Lis+SxLas-xNbaOia (x = 0. 0.1, 0.2, 0.3, 0.4)
X Cell (A)
0 12.7921(5)
0.1 12.8237(5)
0 .2 12.8239(5)
0.3 12.8260(5)
0.4 12.8225(5)
£
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Figure 4.3 XRD pattern o f  lis.sLa^NbaO^ with minor impurities - LaaLiNbOô in blue, LisNbO-i in purple
and LioCOa in green
15 25 35 45 55 65
26°
Figure 4.4 XRD pattern o f  Lis.ôLazsNbaOia with minor impurities - LiiCO) in green and LisNbC^ in purple
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Figure 4.5 XRD pattern o f  Lis.gl^.vNbzOn showing LiaCOs in green and Ri^XhD^ in purple
u I ü z Jll JUl iJiJI—Lu.
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28°
Figure 4.6 XRD pattern o f  Li^LazeNbaO^ with LiaCOs in green and LishlbO^ in purple
In addition to the above compositions, the sample I i 5 2La3 90 12 was synthesised and 
was found to show significant La20 3, Li3N b 0 4, I i 2C 0 3 and suspected LiLa2N b 0 6 
impurities alongside a cubic garnet phase (12.8240(5) Â).
4.3.1.2 Conductivity measurements
Figure 4.7 shows the quenched and annealed conductivity of I i 5La3Nb20 12. This phase 
shows high l i  ion conductivity, consistent with previous reports2,5"7,9’ 14, 21. The results 
show that thermal history affects conductivity as the annealed conductivity is higher than 
the quenched, as also seen for the related Sb based garnets. In addition, a decrease in 
activation energy is observed in both the quenched and annealed data at high temperatures 
(Table 4.2).
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Figure 4.7 Quenched and annealed conductivity plot o f  LigLa^NbiO^ 
T able 4.2 Conductivity values for LisLagNbzOi?
LijLajNhtyO^ <t 2o o ° c  (S cm ) E a (eV) low E a (eV) high
tem perature region tem perature region
Q uenched 0.00020 0.99 0.29
Annealed 0.00085 0.59 0.25
Figures 4.8-4.10 show that the conductivities o f  the nominally La deficient phases 
Li5+3xLaVxN b20 12 x — 0.1-0.3 are similarly affected by thermal history. In  addition, these 
phases also display a decrease in activation energy at high tem peratures although the degree 
of change observed varies between samples. The conductivities and activation energies are 
shown in (Table 4.3).
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Figure 4.8 Quenched and annealed conductivity in air o f  L i^ L a^ N b ^ O ,:
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Figure 4.9 Q uenched and annealed conductivity in air o f Lis.üLaatiNbzOn
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Figure 4.10 Quenched and annealed conductivity in air o f LQgLa^jNbuCh
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Table 4.3 Conductivity values measured in air for Lis+sxLas-xNbaOu x = 0.1-0.3 series
Sample Condition CT200°C
(ScnT1)
Ea (eV) low 
temperature 
region
Ea (eV) high 
temperature 
region
Li5.3La29Nb20 12 Quenched 0.00013 1.11 0.50
Annealed 0.00157 0.59 0.41
Quenched 0.00079 0.73 0.50
Annealed 0.00182 0.62 0.49
7Nb20 12 Quenched 0.00036 0.75 0.46
Annealed 0.00148 0.62 0.58
4.3.1.3 Discussion
The synthesis of the lanthanide deficient series I i 5+3XLa3.xNb20 12 x-O-O.4 was carried out in 
order to determine the extent of lanthanum deficiency this material could accommodate 
and the effect, if any, on the conductivity. In all cases, there was the successful synthesis of 
a cubic garnet phase, while the cell parameters did not vary substantially from published 
values. In comparison to Li5La3Nb2 0 12, the non-stoichiometric sample showed similar cell 
parameters (Table 4.4).
T able 4.4 Table o f  cell parameters for Li5+3XLa3-xNb20i2
Composition Cell length (A)
Li5La3Nb20 12 Literature value 10 «12.80
I i 5La3Nb20 12 12.7921(5)
I i 5 3La29Nb20 12 (x=0.1) 12.8237(5)
Eig.ôLa., 8Nb20 12 (x—0 .2) 12.8239(5)
Li5.8La27Nb20 12 (x—0.3) 12.8260(5)
Li6.2La26Nb20 12 (x—O.4) 12.8225(5)
It is likely that the effects of Ln deficiency on the cell length were compensated for by the 
inclusion of extra Li ions resulting in a small increase in the cell length.
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The impurities observed consisted of La2I iN b 0 6 and Li3N b 0 4 as well as residual Li2C 0 3 
added in excess during synthesis. The presence of Ln2LiM 06 (Ln = Lanthanide, M = Sb, 
Nb, Ta) has been reported previously when synthesising related materials1, Li3N b 0 4 
impurity appears to increase as x increases with peaks becoming more prominent in the 
latter members of the series. The persistence of this impurity indicates that the structure 
may be limited by the amount of La available, causing residual Nb to react with excess 
Li2C 0 3. This could suggest the solid solution range has been exceeded, which would be 
consistent with the lack of significant variation in cell parameters for x > 0 .1 .
A powder neutron diffraction study would be required in order to investigate the true 
nature of these materials and determine to what extent, if any, Ln deficient phases have 
been created, as well as the mechanism the structure adopts to adapt to this change.
Conductivity measurements show that all samples display high Li ion conductivity as has 
been previously reported for the stoichiometric system2,5'7,9’H 21. In addition, as has been 
reported earlier (Chapter 3), they display sensitivity to thermal treatment with the quenched 
and annealed conductivities differing, in some cases by an order of magnitude. The highest 
conductivity was recorded for the I i 5 6La2 8Nb20 12 phase under annealed conditions (a200= = 
0.00186 S cm4). The lowest conductivity was recorded for I i 53La29Nb20 12 under 
quenched conditions (ct200O = 0.00013 S cm4). There appears, however, to be little 
correlation between the nominal composition and Li ion conductivity. However, the 
annealed conductivity was consistently higher than the quenched, indicating significant 
susceptibility of the conductivity to thermal history, an effect explored in greater detail in 
Chapter 5.
Furthermore, a change in slope was observed at high temperatures (»200-300oC) in all the 
measurements with reduced activation energy at higher temperatures. This decrease in 
activation energy is significant and there is consistently a larger change in the quenched 
measurement than the annealed (Table 4.3). The largest difference was observed for the 
endmember Li5La3Nb20 12 where the quenched sample activation energy at low 
temperature was 0.99 eV, with a vastly reduced value of 0.29 eV at high temperatures.
The higher activation energy at low temperatures is most likely related to defect trapping, 
such that this activation energy is the energy required to create mobile defects plus the 
energy for their migration. This would suggest significant defect trapping energies (for
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example, Li5La3Nb20 12: Ea (low temperature) 0.99 eV — Ea (high temperature) 0.29 eV = 
0.7 eV).
It is interesting that the conductivity is higher and activation energy lower for the annealed 
sample, similar for the Sb based systems (Chapter 3). This is contrary to what would have 
been expected, and hence may indicate a change in the sample. For example, later work on 
the Sb based garnets showed evidence for L i/H  exchange, and so it is possible that such 
exchange is also occurring for the systems here on cooling the sample (annealed 
conductivity run). Such a change in sample composition, to produce for example 
Li5.xHxLa3Nb20 12, might be expected to affect the conductivity. There is therefore a clear 
need for detailed conductivity measurements in varying humidity to assess any effect of 
H20  on these phases.
4.3.2 Doping with alkaline earth metals
Doping lithium containing garnet related materials with alkaline earth metals has been 
reported previously2, 3’ 5’ 10’ 17 to increase the conductivity by increasing the l i  content. 
However, as described previously, these garnet materials have 2 Li sites, one tetrahedral 
and one distorted "octahedral", and so it is significant to investigate how the Li content of 
each varies on such alkaline earth doping. In this way, some correlation regarding the more 
important Li site for high conductivity can potentially be made.
Therefore, a series of Li5+xAxLa3„xNb20 12 samples (A = Mg, Ca, Sr, Ba x = 0.5, 1) was 
prepared. Neutron diffraction and solid state NMR were carried out on several samples 
and XRD synthetic and structural studies performed on the remainder with the aim of 
determining the tolerance of these systems to alkaline earth metal doping and the structural 
implications of such a doping regime.
4.3.2.1 Synthesis of L i ^ AXa^ N b .O ^  (A = Mg. Ca. Sr. B a x  =  0.5.1)
All compositions were synthesised with 5-10% excess Li2C 0 3 initially, and more added as 
required throughout the synthesis to compensate for Li loss at high temperatures. Neutron 
diffraction samples were synthesised using isotopically enriched 7Li2C 0 3.
Doping the Sb based systems in Chapter 4 with Mg was found to be unsuccessful. 
Similarly the synthesis of Li5+xMgxLa2.xNb20 12 (x = 0.5, 1) led to large MgO impurities, 
suggesting Mg had not been successfully incorporated into the structure (Figure 4.11). 
There was, however a difference in cell parameters (x = 0.5, 12.7941(5) Â; x = 1,
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12.8312(5) Â) between the two samples, which does suggest some compositional change. 
However, owing to the large MgO impurities, no further work was performed on these 
systems.
E x = 0.5
Figure 4.11 Comparison o f  XRD patterns o f  Li5+xMgxLa3-xNb20i2 x =  0.5,1 with MgO impurity in lilac
Figure 4.12 and Figure 4.13 shows the XRD patterns of Li5+xCaxLa3„xNb20 12 x “  0.5, 1 
respectively, which both show the formation of a garnet phase (x = 0 .5 , 1 2 .7 9 4 9 (5) A ; x  =  
1 , 12.7360(5) A ). A reduction in cell parameters is seen on increasing Ca content, 
consistent with successful incorporation of Ca in place of La.
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Figure 4.12 XRD pattern o f Lis.sCao.sLa^sNl^O^ showing l^CO^ impurity in green
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Figure 4.13 XRD pattern o f  TLiaCaLazNbzOiz for neutron diffraction showing I^COa impurity in green
Figure 4.14 and Figure 4.15 show the XRD patterns of Li5+xSrxLa3„xNb20 12 x = 0.5, 1 
demonstrating the formation of a cubic garnet phase in each case (x = 0.5, 12.8147(5) Â; x 
= 1, 12.8277(5) Â) with Li3N b 0 4 and suspected La20 3 impurities. In this case there were 
only small changes in cell parameters consistent with the similar size of La and Sr.
I*
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35 20° 45 55 6515 25
Figure 4.14 XRD pattern o f  Lis.sSro.sLazsNb^On showing LigNbC^ impurity in purple
c
LU
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Figure 4.15 XRD pattern o f  ^ Li^SrhazNboO 12 for neutron diffraction showing a suspected LazOs
impurity in red
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Figure 4.16 and Figure 4.17 show the XRD patterns of I i 5+xBaxLa3.xNb20 12 indicating that 
a cubic garnet phase was produced (x = 0.5, 12.8969(5) Â; 1 where x = 1, 12.9498(6) Â) in 
addition to an I i 2C 0 3 impurity. A large increase in cell parameters was observed consistent 
with Ba incorporation in place of La.
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Figure 4.16 XRD pattern o f  Lis.sBao.sLazsNbaOn showing IL C O sin green
*U)c
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Figure 4.17 XRD o f  TL^Bal^NhzOn showing a suspected D 2CO3 impurity in green
4.S.2.2 Effect of doping with alkaline earth metals on conductivity
Conductivity analysis was carried out upon Li6ALa2Nb20 12 (A = Ca, Sr, Ba) samples in air. 
Samples were quenched from 800°C prior to measurements being made, the measurement 
on heating forming the quenched values and the cooling measurement, the annealed values. 
As seen previously, these samples display thermal history effects and changes in activation 
energy with temperature; values for the conductivity measurements are presented in Table 
4.6.
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Figure 4.18 shows the conductivity m easurem ent for Li6CaLa2N b 20 12. A clear difference 
can be seen between the quenched and annealed m easurem ents w ith the quenched sample 
conductivity being significantly higher. A n increase in activation energy is also observed 
during the quenched m easurem ent at high temperatures. This is different to previous 
samples, which display a drop in the activation energy at elevated temperatures.
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Figure 4.18 Q uenched and annealed conductivity plot o f LiftCaLazNtuOn
Figure 4.19 shows the quenched and annealed conductivity in air for Li6SrLa2N b 20 12 
illustrating a distinct change between different thermal treatments. A change in activation 
energy appears to occur at high tem peratures as well as lower tem peratures in the quenched 
m easurem ent but no t the annealed.
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Figure 4.19 Conductivity data for LtySrLa^Nt^On in air
This m easurem ent was repeated with an additional sample synthesised separately for 
neutron diffraction (Section 4.3.3). It was found that the same therm al characteristics were
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observed in this m easurem ent although slightly different values were observed. Table 4.5 
shows significant values obtained from the repeat m easurement.
T able 4.5 Values from repeated conductivity measurem ent o f TTSrLaoN b^O n
Conductivity T emperature (7 E a (eV) low E a (eV) high
(°C) (S cm"1) tem perature tem perature
region region
Q uenched 25 1.24x10 s 0.30 0.58
200 0.00094
Annealed 25 9.17x10-» 0.64 0.64
200 0.00055
Figure 4.20 shows the quenched and annealed conductivity in air o f  7Li6BaLaoN b,Or . This 
plot shows a significant variation with thermal history and an accom panying increase in 
activation energy at an interm ediate tem perature (~200°C) in the quenched measurement.
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Figure 4.20 Quenched and annealed conductivity o f LhBaLaaNb^Oi? in air
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Table 4.6 Conductivity data for series Lis+xAxLaa-xNbaO12 (A = Ca, Sr, Ba)
A Thermal
History
Temperature (°C) G (S cm'1) Ea (eV) low  
temperature 
region
Ea (eV) high 
temperature 
region
Ca Quenched 200 0.00042 0.42 0.63
25 1.723x10"6
Ca Annealed 200 0.00042 0.61 0.61
25 9.854x10"8
Sr Quenched 200 0.00291 0.39 0.16
25 7.20x10"6
Sr Annealed 200 0.00179 0.58 0.12
25 7.13xl0"7
Ba Quenched 200 0.00021 0.28 0.66
25 3.72x10"
Ba Annealed 200 0.00046 0.55 0.55
25 2.53xl0"7
4.3.3 Structural studies
Room temperature time of flight neutron diffraction was carried out on the series 
7Li6ALa2Nb20 12 (A = Ca, Sr, Ba). The data was analysed using GSAS18 and the model used 
as a starting point for the refinement was that proposed by Cussen10 and successfully used 
in structural refinement of the related Sb containing garnets (Chapter 4).
4.3.3.1 7Li£CaLa2N b2QJ2
Figure 4.21 shows a good fit to the data was achieved. Table 4.7 shows the refined 
structure and quality of the fit for 7Li6CaLa2Nb20 12 with Li in two sites as observed in 
Chapter 4 and discussed in Section 4.3.3.S. Selected bond lengths are shown in Table 4.8.
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Figure 4.21 Observed, calculated and difference profiles (backscattered neutron diffraction data) o f  
^LigCaLazNbzOn showing a good fit o f the model to the data
T able 4.7 Structural parameters for TLiaCaLaoNbzOiz
Atom Site X y z Fractional
O ccupancy
Total site 
occupancy
1 0 0  u
(A2)
La
(Ca)
24c 1/8 0 % 2/3 (1/3) 3 1.47(4)
Nb 16a 0 0 0 1.0 2 1.54(4)
Lil 24d % 7 / 8 0 0.61(1) 1.83 3.5(3)
Li2 96h 0.0972(5) 0.6906(6) 0.5731(5) 0.348(5) 4.18 2.9(2)
O 96h 0.28134(6) 0.10418(6) 0.19932(6
)
1.0 12 0.94(3)
Space group: Ia3 d a=12.72185(3) Â
Chi2 = 6.678 (Backscattered Bank) 7.27% (BS) 6.47% 
ILp (90° Bank) 6.80% R, (90°) 5.77%
T able 4.8 Selected bond lengths for TLipCaLasNboOi 2
Bond Bond length (A)
La/Ca — O [x4] 2.4755(7)
La/Ca — O [x4] 2.5805(8)
Nb — O [x6] 2.0040(8)
L i l - O  [x4] 1.8938(8)
Bond Bond length (A)
Li2 — O 1.858(6)
2.036(6)
2.137(6)
2.228(6)
2.627(6)
2.643(7)
mi hw A em eei ■  h*
_J________1________I________I_______ I________I________I________I________L_
0.8  1.0 1.2 1.4 1.6 1.8 2 .0  2 .2  2 .4
d-spacing I A
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4.3.3.2 7Li^SrLa2NbnOl:
Figure 4.22 gives the fitted room temperature data for 7Li6SrLa2N b20 12 showing shows a 
good fit to the data was achieved. Structural parameters are given in Table 4.9 and Table 
4.10.
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Figure 4.22 Observed, calculated and difference neutron diffraction profiles for Ti^Srba^bib^O^ showing a
good fit
Table 4.9 Structural characteristics o f  TieSrLaaNbaOia
Atom Site X y 2 Fractional
Occupancy
T otal site 
Occupancy
100 u  
(A2)
La
(Sr)
24c 1/8 0 % 2/3  (1/3) 3 1.17(3)
Nb 16h 0 0 0 1.0 2 1.21(3)
l i l 24d % 7/8 0 0.59(1) 1.77 2.1(3)
Li2 96h 0.0964(4) 0.6830(5) 0.5758(4) 0.352(3) 4.22 0.6(2)
O 96h 0.28205(5) 0.10524(6) 0.28029(6) 1.0 12 1.66(3)
Space group = Ia3 d a= 12.83078(3) Â
Chi2 = 5.587 (Backscattered bank) = 5.40% (BS) = 5.00% 
R^p (90° back) = 5.15% Rp (90° back) = 4.54%
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
d-spacinq /Â
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Table 4.10 Selected bond lengths for T ieSrl^N baO ia
Bond Length (A)
La/Sr — O [x4] 2.5081(7)
La/Sr — O [x4] 2.6149(7)
Nb — O [x6] 2.0064(8)
Lil -  O [x4] 1.9112(7)
Bond Length (A)
Ii2  — O 1.841(6)
2.018(6)
2.061(6)
2.358(6)
2.673(6)
2.715(5)
4.3.3.S LigB aLa2N b2Q12
Figure 4.23 shows the fitted room temperature neutron diffraction data collected for 
7Li6BaLa2Nb20 12. Shoulders were observed on the peaks at lower ^-spacing which was 
successfully fitted to a garnet phase with slightly lower cell parameters. Structural details 
and selected bond lengths are shown in Tables 4.11 and 4.12.
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Figure 4.23 Observed, calculated and difference neutron diffraction for TLi&Bal^NbiO12 bottom tick marks 
showing the main phase, top tick marks indicate minor secondary garnet phase
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Table 4.11 Structural characteristics for TLioBaLaoNbzOïz
Atom Site X y z Fractional
occupancy
Total site 
occupancy
100 u  
(A2)
La
(Ba)
24c 1/8 0 7 4 2/3 (1/3) 3 1.62(5)
Nb 16h 0 0 0 1.0 2 1.27(5)
Lil 24d 7 4 7/8 0 0.82(4) 2.46 4.1(5)
Ii2 96h 0.092(1) 0.690(1) 0.577(1) 0.30(9) 3.60 2.6(5)
O 96h 0.2815(1) 0.1068(1) 0.2012(1) 1.0 12 2.70(5)
Main Phase; Space group — Ia3 d a—12.95165(7) Â phase fraction = 83.9%
Secondary phase; Space group = Ia3 d a= 12.9103(3) Â phase fraction = 16.1% 
Chi2 = 3.995 Backscattered bank = 8.89%, Rp = 7.87%
T able 4.12 Selected bond lengths
Bond Length (A)
La /Ba — O [x4] 2.5343(15)
La/Ba — O [x4] 2.6483(16)
Nb — O [x6] 2.0018(15)
L i l - O  [x4] 1.9434(16)
Bond Length (A)
Li2 — O 2.732(15)
2.363(16)
2.191(17)
2.790(15)
1.851(15)
2.009(17)
4.3.S.4 Solid state NM R
Solid state NMR experiments were carried out on the three samples, 7Li6ALa2Nb20 12 (A = 
Ca, Sr, Ba). 7l i  NMR spectra were obtained using a 5 mm MAS probe on a Varian Unity 
Inova spectrometer with a 1M LiCl reference solution. The spectra were obtained using a 
pulse acquisition experiment with an 18 degree pulse angle, a Is recycle delay and at a spin- 
rate of 8 kHz. Figure 4.24 shows the comparison of the NMR spectra for the samples, 
7Li6ALa2Nb20 12 A = Ca, Sr, Ba. In addition, a 6I i  spectra was taken of A = Sr for 
comparison with the 7I i  spectra. 6Li has a greater chemical shift range than 7Ii, and hence 
may help to show up differences between sites with similar symmetries. The spectra show 
a single intense peak for all three samples at a chemical shift o f 0.9 ppm. The linewidth of 
the 7Li6SrLa2Nb20 12 spectra was 480 Hz, the 7Li6CaLa2Nb20 12 sample 820 Hz and the 
sample of 7Li6BaLa2Nb20 12 610 Hz. All samples also displayed a low intensity manifold of 
spinning sidebands, the nature of which differ with composition. The 6Li spectrum also 
showed a single intense peak, similar to the 7Li spectrum.
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Li6SrLa2Nb20 12 
Peak = 0.9ppm
Li6BaLa2Nb20 12 
Peak = 0.9ppm
300 200 100 0 -100 -200 -300 ppm
Figure 4.24 Comparison o f  NMR data for ^Li^ALaoNbiOn (A =  Ca, Sr, Ba)
4.3.3.S Discussion
The aliovalent doping of the I i 5La3Nb20 12 system was carried out successfully using Ca, Sr 
and Ba on the La site, and balancing the charge with additional Li. The doping with Mg 
was not successful, producing a cubic garnet phase and MgO impurities, suggesting Mg is 
too small for the Ln site in this structure. This is consistent with previous findings which 
showed that related Sb containing systems were also intolerant to doping with Mg (Chapter 
3). Table 4.13 shows the comparison of cell parameters for the doped phases studied. The 
expected general trend of increasing cell parameter as the size of the dopant ion increases is 
observed.
Table 4.13 Cell parameter o f Li5+xAxLa3-xNb20i2 (A =  Mg, Ca, Sr, Ba x =  0.5,1)
Composition Cell length (A)
I i 5La3Nb20 12 12.7921(5)
Li,5Cao.5La2,N b20 12 12.7949(5)
Li6CaLa2Nb20 12 12.7360(5)
Li5.5S%5La2 5Nb20 12 12.8149(5)
I i 6SrLa2Nb20 12 12.8227(5)
5^.5^ &0.5-L&2.5^ Nb20 12 12.8969(5)
Li6BaLa2Nb20 12 12.9499(6)
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Impurities were observed in several o f  the phases, predom inantly Li2C 0 3 remaining from 
the excess added during synthesis, and Li3N b 0 4 and La20 ,  impurities in the A = Sr 
samples.
Structural studies using neutron diffraction were carried out on the 7Li6ALa2N b 20 12 (A = 
Ca, Sr, Ba) samples. The structural models used as a starting point were suggested by 
Thangadurai8 from  bond valence sum calculations based on X R D  data, and the m odel 
proposed by Cussen111, using neutron diffraction for Li5La3M20 12 (M =  N b, Ta). A 
significant im provem ent in fit was observed w hen the m odel proposed by Cussen was used
(space group l a 3 d).
This m odel places Li in the ideal garnet tetrahedral site and two closely spaced distorted 
octahedral sites which cannot simultaneously be occupied as they are too close together. 
The La is in the garnet 8 coordinate site and the N b in the octahedral site. In  the analysis 
o f  the 7Li6ALa2N b 20 12 (A = Ca , Sr, Ba) data, it was found that placing the Li in two sites, 
the ideal tetrahedral and a distorted octahedral site, im proved the characteristics o f  the fit, 
as was observed in Chapter 3. The bond length data from  these fits indicate that there are 
two long bonds for the octahedral site, causing the geom etry to approach 4 coordinate 
(Figure 4.25) and this was also observed in the undoped Sb systems (Chapter 3). The long 
bonds observed in the Li2 site were found to increase in length w ith increasing size o f 
dopant ion although the difference is relatively small (Table 4.14). In  com parison w ith the 
long bonds observed in the Sb systems, where the bond lengths appear to increase in 
length w ith increasing Ln size, this suggests there may be a correlation between the size o f 
the 8 coordinate ion in the structure and the distortion o f  the Li2 site. H ow ever, as these 
materials appear to be susceptible to environm ental conditions and therm al history effects, 
further environmentally controlled neutron diffraction on a range o f  com positions would 
be required to investigate this relationship in detail.
Li2 site Lil site
Figure 4.25 Diagram o f two Li sites in T L S rL aN b zO n  showing Li2 site with two long bonds highlighted grey
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Table 4.14 Comparison of the variation o f the Li2 site long bond lengths with garnet composition
Composition Li2 site long bond lengths (A)
Li5Nd3Sb20 12 2.551(10) 2.604(9)
Li5La3Sb,0 j i 2.690(8) 2.631(11)
Li6CaLa2Nb20 12 2.627(6) 2.643(7)
Li6SrLa2Nb20 12 2.673(6) 2.715(6)
Li6BaLa2Nb20 12 2.732(15) 2.790(15)
One aim for studying high Li content Li6ALa2Nb20 12 materials was to determine how the 
system copes with additional Li. The fitting statistics indicate a good fit for the model to all 
three data sets (A = Ca, Sr, Ba). In the A = Ca, Sr samples, the quantity of Li in the Lil 
site remained constant or dropped slightly (Table 4.15) in comparison to that observed in 
the Li5Ln3Sb20 12 (Ln = La, Nd) series (Chapter 3). This indicates that the extra Li is 
entering the distorted octahedral site preferentially. However, in the A = Ba sample, both 
the Lil and Ii2  site occupancies increased with respect to the undoped Sb systems, 
suggesting in this case, that both sites have accommodated some of the extra Li. The 
consequence for conductivity values may be significant as it is thought that the octahedral 
Li (Li2) site is important in the migration mechanism10.
T able 4.15 Comparison o f  fractional occupancy in l i  sites across compositions
Composition Total site occupancy
Lil Site Li2 Site
Li5La3Sb20 12 2.19 2.80
Li5Nd3Sb20 12 1.86 3.14
Li6CaLa2Nb20 12 1.83 4.18
I i 6SrLa2Nb20 12 1.77 4.22
Li6BaLa2Nb20 12 2.46 3.6
Similar to the Sb based compositions discussed in Chapter 3, the Li6BaLa2Nb20 12 phase 
displayed peak shoulders on the major peaks corresponding to a slightly smaller garnet 
phase. It is likely that this is due to the presence of some Li5+xBaxLa3.xNb20 12 x < 1 which 
would be expected to have smaller cell parameters, as observed.
Overall the average structure obtained for the three samples (A = Ca, Sr, Ba) was similar 
(Figure 4.26) and consistent with neutron diffraction data on related systems 1'3>6* 7« 10> 17<
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Figure 4.26 Structure o f  ^ LicSrLazNbzOï?; La in purple, N b  octahedra in blue, L il tetrahedra in light green,
Li2 site in dark green
The solid state N M R results showed similar spectra for each o f  the phases tested 
(7Li6ALa2N b 20 12 A =  Ca, Sr, Ba). Each sample showed a single line w ith varying degrees 
o f spinning side bands. The linewidth however differed with com position. Ideally, if  the 
two Li sites in these materials, as determ ined using neutron diffraction, were significandy 
dissimilar, the N M R  spectra would show two signals, one for each site. H owever, the 
presence o f  only one signal in both  the 7Li and 6Li spectra, indicates that the two sites 
provide similar Li environm ents. This is consistent with the observation o f two longer 
bonds in the Li2 octahedral site, causing the site to appear closer to 4 coordinate, like the 
Lil site. I t is notable however, that Li N M R is limited by the small chemical shift range 
and accompanying low resolution in relation to that range23 while m otional averaging may 
also be influencing the spectra, as has been observed in o ther Li conducting solids24. Both 
these factors m ean that separation o f different Li ion sites in Li N M R  is difficult for Li ion 
conducting solids. O ne difference in the Li N M R  data betw een the three samples was, 
however, the linewidth, with higher linewidth for A = Ca, Ba com pared to A = Sr. This 
may be related to local distortions due to size effects (Sr is similar in size to La, whereas Ca 
is significantly smaller, while Ba is significantly larger).
4.4 The LijLiij Tn20^ (Ln -  N d, La) system
In addition to N b and Sb based garnets, many Ta based systems have been reported8, B"17. 
In order to investigate som e o f the similarities between these systems, select com positions 
studied for the N b and Sb based systems have also been investigated in the Ta system.
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4.4.1 Non-stoichiometry
Figure 4.27 shows XRD analysis of LigNdgTa^O^ indicating the successful formation of a 
cubic garnet phase (12.6392(5) Â) with N dTa04 and Li3T a0 4 impurities.
I
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Figure 4.27 XRD o f LiîNdaTazOïz showing in purple and suspected NdTaO-t in orange
Figure 4.28 shows an XRD pattern of Li53Nd29Ta2C)12 indicating the formation of a pure 
cubic garnet phase (12.6410(5) A), with similar cell parameters to those for I i 5Nd3Ta20 12.
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Figure 4.28 XRD pattern o f  LisjNdzgTazOiz 
Figure 4.29 shows the quenched and annealed conductivity in air o f Li5 3Nd29Ta20 12. This 
phase displays high lithium ion conductivity as has been reported previously2,5"7,9’14,21. As 
in other related phases (Chapter 3), the conductivity plot indicates a change in this 
parameter with thermal treatment with the annealed sample showing higher conductivity. 
In addition, a decrease in activation energy is observed at high temperatures («200-400°C) 
Table 4.16.
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Figure 4.29 Conductivity measurem ent o f  Lig.oNdzoTaaOuin air 
Table 4.16 Values obtained from conductivity measurem ents in air o f LigjNda.yTaaOia
Therm al 2^00°C (S cm  ) E a (eV) at low E a (eV) at high
History tem perature tem perature
Q uenched 0.00010 1.09 0.64
Annealed 0.00032 0.87 0.57
Figure 4.30 shows the XRD analysis o f  D 52N d31T a190 12 indicating that a garnet phase 
(12.6397(5) A) was form ed along with impurity phases identified as N d T a 0 4 and Li3T a 0 4.
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Figure 4.30 XRD p a tte rn  o f  Li5.2Ndg.1Ta1.vO12 with LifTaOg in  purp le  and  N dT aO g in orange
Figure 4.31 shows the X RD  pattern o f  Li5 38N d2 y4T a] %0 12 showing a cubic garnet phase 
(12.6409(5) Â) and suspected Li3T a 0 4, N d 20 3 and N d T a 0 4 impurities.
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Figure 4.31 XRD pattern o f  Lis.ssNch^Tai.gôOia, LisTaCU in purple, NcbOs in black and NdTa0 4  in orange 
4.4.1.1 Discussion
Several samples were synthesised to investigate the range of tolerable non-stoichiometry in 
the Ta based garnet system. The phase which showed greatest purity was the Nd deficient 
sample Li53Nd29Ta20 12. This is consistent with studies on the Nb and Sb based systems, 
which showed this as the most favourable non-stoichiometry. In addition, a Ta deficient 
sample was synthesised (Li52Nd31Ta190 12) using additional Nd and Li to balance the 
charges. This sample showed both Nd and Ta based impurities, as did the doubly deficient 
Li538Nd294Ta1960 12 where the Nd:Ta ratio was maintained. These impurities suggest that 
the expected non-stoichiometry has not formed. Table 4.17 shows the comparison of cell 
parameters in this series, illustrating that there is little change in cell parameter from the 
parent composition I i 5Nd3Ta20 12. In order to fully understand the processes occurring in 
these phases, further detailed structural studies are required.
T able 4.17 Cell parameters o f  Ta based non-stoichiometric samples
Composition Cell length (A)
Li5Nd3Ta20 12 12.6322(5)
LÎ5.3Nd2.9Ta 0 12 12.6410(5)
dd5.2Nd31Ta190 12 12.6397(5)
-^5.38^^2.94^1.96^12 12.6409(5)
Conductivity measurement of Li53Nd29Ta20 12 were carried out in order to establish 
whether these phases had comparable conductivity to the Nb and Sb based phases with the 
same non-stoichiometry, and whether these phases also exhibit the same thermal history 
effects and changes in activation energy.
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Table 4.18 shows the comparison of the Ta, Sb and Nb phases with this non­
stoichiometry. The N d/Ta based sample displays the lowest conductivity of the three 
phases with the highest recorded for the Nd/Sb system and the La/N b system under 
annealed conditions. This may be related to water incorporation on annealing in air, as 
suggested earlier for Sb based systems. The N d/Ta based compositions shows the smallest 
change between quenched and annealed conductivity at 200°C suggesting perhaps that the 
effect of water is less in this system and that the Li distribution in this phase is more similar 
in the quenched and annealed conditions than for the other samples.
T able 4.18 Comparison o f  the conductivity for Lis+sxLns-xMaOia (x =  0.1; Ln =  La, Nd; M =  Ta, Sb, Nb)
Composition Thermal O,2oo°c Ea (eV) low Ea (eV) high
History (S cm*1) temperature temperature
h i^N  d2 9Ta20 12 Quenched 0.00010 1.09 0.64
Annealed 0.00032 0.87 0.57
hig.sNd-, 9Sb20 12 Quenched 0.00094 0.96 0.40
Annealed 0.00127 0.72 0.37
Lig 3La2 glSi b o O j n Quenched 0.00013 1.11 0.50
Annealed 0.00157 0.59 0.41
4.4.2 Doping with alkaline earth metals
Doping lithium containing garnet materials with alkaline earth metals has been reported 
previously 2'5, 14, 15, 17, 21 and these high l i  content phases have been found to show fast 
lithium ion conductivity. A Ta based series was produced Li6ALa2Ta20 12 (A = Ca, Sr, Ba) 
in order to make a comparison with the related Sb/Nb based materials. Figure 4.32 shows 
the XRD pattern of I i 6CaLa2Ta20 12 indicating a pure cubic garnet phase (12.7383(5) A ).
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Figure 4.32 XRD pattern o f  LiaCaLaoTaoOn 
Figure 4.33 shows the XRD pattern of phase pure Li6SrLa2Ta20 12 demonstrating that a 
cubic garnet phase was also produced (12.8466(5) A).
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Figure 4.33 XRD o f LiôSrL^TaoOn
Figure 4.34 shows the XRD pattern of Li6BaLa2Ta20 12 indicating successful formation of a 
cubic garnet phase (12.9050(5) Â) although in this case, significant impurities were 
observed — BaC03, La20 3 and suspected BaO.
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Figure 4.34 XRD pattern o f  LieBal^TaaO^ with BaCOa in grey, LazOa in red and BaO in blue 
4.4.2.1 Conductivity m easurem ents
Conductivity was measured for the series Li5+xALa3„xTa20 12 (A = Ca, Sr, Ba), the values 
from which are shown in Table 4.19. Conductivity measurements for Li6CaLa2Ta20 12 are 
in Figure 4.32 and show that, unlike other Nb and Sb phases, this phase does not appear to 
be affected in such a strong way by thermal treatment, as the quenched and annealed 
measurements are very similar. In addition, unlike the other phases, there is also no 
evident change in activation energy at high temperatures.
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Figure 4.35 Conductivity data for LiaCaLaiTazOn in air
Figure 4.36 shows the conductivity measurem ents in air o f  Li6SrLa2Ta20 12. Unlike the 
related Ca doped phase, this com position does show  susceptibility to therm al history 
effects and a change in activation energy at high tem peratures, as has been observed in Sb 
and N b based phases.
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Figure 4.36 Conductivity plot o f LhSrLazTa^Oi?
Figure 4.37 shows the conductivity data for the Li6BaLa2Ta20 12 sample. This sample 
shows no significant thermal history effects, as for the Ca doped sample, bu t it does 
undergo a change in activation energy at elevated temperatures.
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Figure 4.37 Conductivity p lot o f LtiBaLa.2Ta.2O 12 
T able 4.19 Conductivity data for LiâCaLa^Ta^OiT
Phase Therm al ° ,200oC E a (eV) low E a (eV) high
History (S cm"1) tem perature tem perature
LigCaLajT aiQ 12 Quenched 0.00111 0.63 0.63
Annealed 0.00167 0.58 0.58
Li6SrLa2Ta20 12 Q uenched 0.00063 0.67 0.50
Annealed 0.00246 0.57 0.42
Li6BaLa2Ta20 12 Q uenched 0.00161 0.52 0.39
Annealed 0.00119 0.55 0.44
4A.2.2 D iscussion
The w ork showed that alkaline earth metal (Ca, Sr, Ba) doping o f  Ta based garnet materials 
was successful. The com parison o f cell length (Table 4.20), including the literature value 
for the undoped Li5La3Ta20 12, shows a general increase in cell length w ith size o f  dopant 
ion as expected. W hen doping with Ba, significant impurities were observed, but the unit 
cell increase suggests that the Ta garnets can accom m odate some Ba but no t to the x = 1 
limit. A n increase in cell parameters was observed for A = Sr, Ba, while a decrease was 
observed for A =  Ca. This is consistent with ionic radii considerations (La is larger than Ca 
but smaller than Sr and Ba23).
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Table 4.20 Comparison of cell length in doped Ta garnets
Composition Cell Length (A)
Li5La31 a20^2* 12.829
Li6CaLa-,T a~>0 ^ o 12.7383(5)
I i 6SrLa2Ta20 12 12.8466(5)
Li6BaLa21 a20^2 12.9050(5)
Conductivity measurements show that these phases display fast l i  ion conductivity as has 
been reported for the related garnet materials2,3'7’ 9’ 14, 21. The highest conductivity was 
recorded for I i 6SrLa2Ta20 12 under annealed conditions (a200oC = 0.00246 S cm"1), although 
there was, no apparent correlation between the dopant ion and the conductivity. This 
could be due to these materials being influenced by the synthesis conditions, and while all 
efforts were made to maintain consistency, it is possible that a small correlation between 
dopant and conductivity could be masked by the effects of changing conditions such as 
temperature and humidity.
The Li6ALa2Ta20 12 (A = Sr, Ba) compositions showed a variation in conductivity with 
thermal history with the quenched and annealed conductivities varying by an order of 
magnitude. However, this was not observed for the A = Ca sample, which showed no 
significant difference between the quenched and annealed conductivity. These features 
were also observed in the related Li6SrNd2Sb20 12 phase (Chapter 3). This shows the 
complexity of the garnet systems, where thermal history effects, although common, are not 
always observed.
In addition to the thermal history effects, the activation energy change observed at high 
temperatures in other phases (Chapter 3) was also seen to occur in the phases with A = Sr, 
Ba. Both these phases show a decrease in activation energy at high temperatures, which 
may be related to defect trapping at low temperatures. However an interesting feature is 
that the conductivity of the quenched Li6BaLa2Ta20 12 sample is higher than the annealed 
sample, whereas for the I i 6SrLa2Ta20 12 sample the reverse is true. This may be related to 
water incorporation on annealing as noted for the Sb based (Chapter 3).
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4.5 Conclusions
In this chapter two garnet-related systems were investigated, Li5La3Nb20 12 and 
Li5Ln3Ta20 12 (Ln = La, Nd). The work suggests that non-stoichiometry in the 
Li5La2Nb20 12 system is favoured by La deficiency using extra Li to balance the charges. In 
the phases Li5+3xLa3„xNb20 12 (x = 0.1, 0.2, 0.3, 0.4) no significant change in cell length was 
observed above x = 0.1, suggesting a limited non-stoichiometry range (x < 0.1). Owing to 
the difficulty in using XKD to reliably locate l i  in these systems, neutron diffraction is 
required to further investigate these non-stoichiometric systems in detail to confirm the 
true nature of the phases produced. The non-stoichiometry was not found to have a 
significant effect on the conductivity of the compounds, all of which displayed fast Li ion 
conductivity as expected.
Aliovalent doping (alkaline earth metal for La) in the Nb based system producing 
7Li6ALa2Nb20 12 was successful for (A = Ca, Sr, Ba), but not for Mg, which is thought to be 
due to the small size of Mg. Room temperature neutron diffraction experiments were 
carried out on the (A = Ca, Sr, Ba) samples and the data fitted successfully. The final 
model that gave the best fit in all three systems studied contained Li in two sites; the ideal 
tetrahedral site, occupied in the natural garnet and an additional distorted “octahedral” site, 
which showed a geometry approaching 4 coordinate. The additional Li incorporated 
through doping was found to enter the “octahedral” site preferentially when compared to 
related Sb systems studied previously (Chapter 3). It is thought10 that the octahedral sites 
are important in the Li conduction mechanism which makes this doping regime likely to be 
favourable for increasing conductivity, in line with observed increased in conductivity. The 
neutron diffraction data for 7Li6BaLa2Nb20 12 showed a peak anisotropy that was not 
successfully fitted using peak profiles and so an additional garnet phase was added with 
slightly lower cell parameters than the main phase. This significantly improved the fit but 
the small quantity of the phase prevented more detailed compositional information being 
attained about this second phase. It is likely, however, that this second phase may be due 
to a garnet phase with a lower Ba content. In addition to neutron diffraction data, 7I i  
NMR data were also analysed for these phases. It was hoped that solid state 7Li NMR 
would resolve the two Li sites but in all cases, only a single signal was observed. It is 
thought that this could be the result of the distortion in the octahedral site causing the 
octahedral and tetrahedral sites to become similar in geometry, and hence resulting in 
overlapping of the NMR signals. In addition, the chemical shift range for 7I i  is narrow and 
so may not be wide enough to resolve reliably two similar sites.
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A study of the Li5Ln3Ta20 12 Ln = La, Nd system was also carried out primarily for 
comparison to other phases studied (Nb and Sb) using the same conditions. Non­
stoichiometry was shown again to be most favourable when Ln deficiency was adopted, as 
alternative compositions showed significant amounts of impurities. This is consistent with 
studies on the Nb and Sb systems which suggested that Lanthanide deficiency is tolerated 
quite well in the garnet structure. Conductivity measurements showed fast l i  ion 
conduction in such samples, e.g. Li53Nd29Ta20 12, with a significant effect of thermal 
history as the conductivities for the quenched and annealed samples differed. In addition, 
a change in activation energy was observed at high temperatures, possibly as the result of Li 
ion trapping at low temperatures, such that the low temperature activation energy is a 
combination of the energy to overcome trapping and the energy for migration. The values 
obtained were comparable with other related garnet phases.
Aliovalent doping with alkaline earth metals I i 6ALa2Ta20 12 (A = Ca, Sr, Ba) in the Ta 
system was also successful although I i 6BaLa2Ta20 12 showed significant impurities 
suggesting that the structure could not successfully accommodate Ba up to x = 1. The 
conductivities of these phases were high with a similar effect of thermal history, as has 
been previously observed. In addition, a change in activation energy was observed at high 
temperatures. In one case (A = Ca) however, neither activation energy change nor thermal 
history effects were observed. The reasons for these differences are not clear and the 
experiment requires repetition to determine whether this was affected by environmental 
conditions or is a result of the dopant used.
Overall it is clear that there are significant complexities in these garnet systems, with 
respect to non-stoichiometry, thermal history effects and defect trapping warranting more 
detailed studies. Neutron diffraction under a variety of conditions (high temperature, in-situ 
conductivity measurements, etc) would be useful in order to fully understand the nature of 
these materials. In particular the effect of water needs to be assessed following evidence 
for H20  incorporation for Sb based garnets, and the unusual effect of thermal history on 
the conductivity in these samples.
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5.1 Introduction
The understanding and optimisation of the conductivity of l i  containing garnet phases is 
important, due to the potential of these materials as solid electrolytes for l i  ion batteries. 
Fast ion conduction was first reported by Thangadurai et al} where alkaline earth metal 
doped garnet related materials (Li6ALa2Nb20 12 A = Ca, Sr, Ba) showed very high Li ion 
conductivities. Additional work on examining the conductivity of these phases has 
included doping studies2"7 as well as compositional analysis8'14 and sintering studies15. These 
studies have shown that all high l i  content garnet related phases, where the l i  sites are not 
fully occupied, display fast Li ion conductivity.
However, the susceptibility of these phases to thermal history effects has only recently 
been reported, first highlighted during the work in this PhD3. It was observed that in the 
Li6ALa2Nb20 12 A = Ca, Sr system, an order of magnitude increase in conductivity was 
observed when a sample was quenched from 800°C to room temperature prior to 
measurement. This is also discussed in Chapter 4. Later work showed that many samples 
in the related Sb based systems (reported in Chapter 3) showed the opposite effect, where 
the annealed conductivity was higher than the quenched.
In this chapter, the effects of differing thermal treatment and atmospheres on the 
conductivity and structure of the Nb based systems, I i 6ALa2Nb20 12 (A = Ca, Sr), are 
investigated in order to shed some light on this interesting effect of thermal history on the 
conductivity.
5.2 Experimental
High purity Li2C 0 3 was intimately mixed with high purity La20 3, Nb20 5 and SrC03 or 
CaC03, with an additional 5-10% I i2C 0 3 added to overcome problems of Li volatility. 
The mixture was then heated overnight at 700°C. The powder was then re-ground before 
being pressed into a pellet. The samples were heated in several stages in alumina crucibles 
with lids, firstly at 900°C for 3 hours, then reground and repressed, before being heated for 
a further 3 hours at 900°C, then 1.5 hours at 950°C. In order to investigate the structure, 
7Li6SrLa2Nb20 12 was prepared for neutron diffraction. 7I i  enriched Li2C 0 3 was used in 
place of natural abundance Li2C 0 3 to overcome the large neutron absorption cross-section 
of 6Li. High temperature time of flight neutron diffraction experiments were carried out 
on the HRPD diffractometer. Ambient and low temperature time of flight neutron 
diffraction experiments for thermal history studies were carried out on the POLARIS
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diffractometer; both instruments were located at ISIS, Rutherford Appleton Laboratory. 
Rietveld refinement was performed using the GSAS16 and EXPGUI17 suite of programs to 
obtain the average structure of the phases studied.
In some cases (A = Sr sample for a spark plasma sintering study) additional excess lithium 
(above the 5-10% excess already mentioned) was required. This requirement was evident 
from the XKD patterns which showed impurities, found to reduce when an additional 5% 
l i  was added. The sample was then pressed and reheated at 950°C for 1.5 hours.
When the sample was found to be single phase from XKD data, (see for example Figure 
5.1) cell parameters were determined. The unit cell was fitted using the program 
UnitCell.exe18 and the cell was fitted as a cubic system as determined in Chapter 4. 
Conductivity measurements were then performed. A fragment of pellet was pasted with 
gold paste. Gold electrodes were attached using the paste and then heated at 800°C for 30 
minutes. Before conductivity measurements were recorded, the sample was quenched 
from 800°C to room temperature by rapid removal from the furnace and placement into a 
room temperature crucible.
c
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Figure 5.1 XRD pattern o f  LieSrLaaNbzOia showing phase purity
Conductivity measurements were taken from room temperature to 440°C and back to 
room temperature in 30 - 4O°C increments. The initial measurements (room temperature- 
44O°C) formed the quenched conductivity readings, and the second set of measurements 
(440°C — room temperature) formed the annealed set of measurements.
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5.3 Conductivity m easurem ents
Conductivity m easurem ents were m ade in a range o f atm ospheres and w ith a variety o f 
therm al histories for Li6ALa2N b 20 12 A = Ca, Sr samples so as to investigate the nature o f  
the thermal history effects evident in these samples. In  addition, an investigation o f  the 
sintering m ethod was carried out on an A =  Sr sample to establish the effect o f  better 
sintering on the conductivity, as these phases are notoriously difficult to sinter effectively 
w ithout losing Li.
5.3.1 LiëCaLazNbzOïz
The quenched and annealed conductivity o f this phase has been discussed in Chapter 4. In 
an extension to this work, a sample o f Li6CaLa2N b 20 12 was annealed for 4 days at 400°C 
prior to the conductivity being measured. In  this m easurem ent, the conductivity was taken 
on heating and then cooling so as to be com parable to the quenched and annealed 
m easurem ents (Figure 5.2). Table 5.1 shows the conductivity and activation energies for 
the long annealed sample studied and the data from  the original quenched and annealed 
samples for comparison.
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Figure 5.2 Conductivity in air o f L fC a l^ N b a O n  after annealing in air at 400°C for 4 days
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T able 5.1 C onductiv ity  values fo r LiôCaLaaNbaO12 a fte r 4 days annealing at 400°C and  values from  sam ples 
p rio r  to  annealing  from  C hap ter 4 for com parison.
M easurem ent
Conditions
Tem perature c  (S cm"1) 
(°C)
E a (eV) low 
tem perature 
region
E a (eV) high 
tem perature 
region
Heating 200 3.055x10" 
25 1.090x10"'
0.37 0.83
Cooling 200 1.828x10" 
25 2.868x10-8
0.41 0.88
Q uenched 
(Chapter 4)
200 0.00042 
25 1.723x10"1
0.42 0.63
Annealed 
(Chapter 4)
200 0.00042 
25 9.854x10-8
0.61 0.61
In addition a test was carried out to determ ine the relationship between quenching 
tem perature and the room  tem perature conductivity. This was done by taking a pellet o f 
Li6CaLa2N b 20 12 and heating at an increasing tem perature for 30 m inutes before quenching 
to room  tem perature and measuring the room  tem perature conductivity. The results are 
shown Figure 5.3 and indicate an increase in conductivity upon quenching at tem peratures 
in excess o f  400°C.
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Figure 5.3 E ffec t o f  quench ing  tem perature  on  the ro o m  tem pera tu re  conductiv ity  o f  L h C a l^ o N b ^ O n
A third experim ent examined the effect o f  the excess Li2C 0 3 on the thermal history effects 
observed in these garnet related materials. In this experim ent, 25% Li2C 0 3 by weight was 
added to a sample o f Li6CaLa2N b 20 12, and the mixture intimately mixed before being 
pressed and sintered. Figure 5.4 and Table 5.2 show the quenched and annealed 
conductivity o f  this sample is lower than the same sample w ithout additional L h C 0 3.
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Figure 5.4 Conductivity in air o f LiüCaLaoNbiOn with 25% excess LizCO]
T able 5.2 C onductiv ity  values for L h C aL aiN b o O n  w ith  25%  excess Li^CO]
Therm al History T emperature
m
a  (S cm '1) E a (eV) low 
tem perature 
region
E a (eV) high 
tem perature 
region
Q uenched 200 3.46x10" 0.58 0.58
25 1.377x10'
Annealed 200 8.93x10" 0.65 0.88
25 7.908x10-*
In order to further study the possible influence o f  Li2C 0 3, a pellet o f  Li2C 0 3 was prepared 
and the conductivity m easured to estimate the effect Li2C 0 3 may have on conductivity 
m easurem ents w hen it is present in excess as is the case in many samples m easured here. 
Figure 5.5 shows the conductivity plot and Table 5.3 contains the conductivity values. N o  
measurable conductivity was observed below 220°C showing that Li2C 0 3 itself has 
significantly lower conductivity than the garnet phase.
Overall the results showed that the quenching had a significant effect on the conductivity 
providing a quenching tem perature above 400°C was employed. The w ork on the effect o f 
extra Li2C 0 3 suggested that this had little influence on the conductivity and these results 
are further discussed later in this chapter.
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Figure 5.5 C onductiv ity  p lo t in  air o f  LiaCCty
T able 5.3 C onductiv ity  values fo r L12CO3 in air
^ 3oo°c (S cm ) E a (eV)
A m bient — 667°C 2.68x10-7 1.52
5.3.2 LiëSrLazNbzOïz
As previously discussed in this report a sample o f this phase, m easured in air (Chapter 5), 
showed significant thermal history effects w ith the samples after quenching showing a 
significantly higher conductivity at low temperatures than after annealing. In  order to 
investigate this is m ore detail, other sintering conditions, therm al histories and 
m easurem ent conditions have been studied.
As for the related Ca doped sample, a test was carried out to  determ ine the relationship 
between quenching tem perature and the room  tem perature conductivity. This was done by 
taking a pellet o f  Li6SrLa2N b 20 12 and heating at increasing tem perature for 30 minutes 
before quenching to room  tem perature and measuring the room  tem perature conductivity. 
The results are shown in Figure 5.6 and indicate an increase in conductivity upon 
quenching at tem peratures in excess o f 400°C, similar to that observed for Lif)CaLa9N b 2O p 
(Section 5.3.1).
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Figure 5.6 E ffect o f quenching tem perature on the room  tem perature conductivity o f  LiûSrLa^NbaOn
Since the conductivity values obtained in this w ork were slighdy lower than reported by 
M uragen et al.w, the sintering conditions used by this group were analysed. For this sample, 
a sintering tem perature o f  1000°C for 24 hours was used. This was done both  to compare 
literature conductivity values to the ones obtained during this project and determ ine 
w hether this additional sintering affects the susceptibility o f these phases to thermal 
treatment.
Figure 5.7 shows the X R D  pattern taken o f  a piece o f pellet after the 24 hour sintering 
process. The sample used was a portion o f  the sample investigated using neutron 
diffraction in Chapter 5 which was dem onstrated as pure. The X R D  pattern shows the 
presence o f a cubic garnet phase (a =  12.8197(5) A), but there are also significant 
La2L iN b 0 6, Sr5N b 40 15 and SrNbCh impurities which have arisen as a result o f  the sintering 
process.
c
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Figure 5.7 XRD o f ITSrLa^N baO n after sintering at 1000°C for 24 hours showing La^LiNbOr, in dark 
green, SrNbCty in orange and SrsNb-tOn in purple
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The conductivity o f this phase in air is shown in Figure 5.8. The data show a large 
difference between the quenched and annealed run. Conductivity o f  the quenched sample 
is nearly 2 orders o f  m agnitude higher than the annealed at room  tem perature. M oreover, 
the room  tem perature conductivity is higher than previously observed for single phase 
samples sintered at a lower temperature. The density o f  this sample was 55.7% o f the 
theoretical density w hich is lower than average for the samples analysed during this project 
which were in the region o f  70% dense. This suggests that the increase in conductivity 
could be related to the presence o f  the secondary phases.
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Figure 5.8 Q uenched and annealed conductivity o f LhSfLaiNboOiz after sintering at 1000°C for 24 hrs
T able 5.4 Conductivity values for LhSrLaaNtuOia sintered at 1000°C
Therm al T emperature E a (eV) low E a (eV) high
History (°C) (S cm"1) tem perature tem perature
region region
Q uenched 25 2.59 xlO'5 0.30 0.09
200 0.00119
Annealed 25 7.11x10" 0.55 0.04
200 0.00122
In order to further examine the influence o f the sintering process on the conductivity. A
dense pellet o f  Li6SrLa2N b 20 12 was prepared by spark plasma sintering. This is a rapid
sintering technique which has been shown to produce samples with very high densities in
other system s19. The conditions used were 650°C, 3 minutes, 2 m inute ramp to 850°C,
850°C for 3 minutes. The pressure conditions used were ramp to 17 k N m 2 over 2 minutes
and then held there for 6 minutes. The pellet density was 4.59 gem 1 (93% o f  the
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theoretical density o f  4.936 g cm  1 6) showing the excellent sintering via this m ethod. Figure
5.9 shows the quenched and annealed conductivity in air o f  this sample. In  com m on with 
o ther experiments, there is evidence o f  a change in activation energy at high tem peratures 
but none o f  the thermal history effects also observed. Table 5.5 shows conductivity values 
obtained from this m easurem ent w hich have the highest values obtained for the garnet 
materials studied, showing the benefits o f  this sintering m ethod. The pellet discussed here 
was polished prior to pasting (to remove the carbon coating from  the graphite die used) 
w ith gold paste for conductivity measurements.
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Figure 5.9 Q uenched and annealed conductivity o f LhSfLazN l^O n after spark plasma sintering
Table 5.5 Conductivity values for LiaSrLa^NbzOn after spark plasma sintering treatm ent
Condition Tem perature <y (§ cm"1) 
(°C)
E a (eV) low 
tem perature 
region
E a (eV) 
H igh 
tem perature 
region
Q uenched 25 5.319x10" 
200 0.02019
0.44 0.35
Annealed 25 3.809x10" 
200 0.02215
0.47 0.37
In addition to the conductivity m easurem ents in air, alternative atm ospheres were 
investigated for the conventionally sintered samples, in order to determ ine if  this was 
influential on the conductivity, in particular, the effect o f  PHo0. As previously, the 
quenched and annealed conductivity were measured.
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Figure 5.10 shows the conductivity measured in a dry 0 2 atm osphere. This m easurem ent 
showed a greatly reduced variation between quenched and annealed runs, com pared to the 
data collected in air (Figure 5.10, Table 5.6). The sample was quenched as before in air 
prior to the m easurem ent. The conductivity was then repeated w ith the sample being 
annealed in dry 0 2 prior to m easurem ent for 4 hours at 400°C (Figure 5.11, Table 5.6). 
This m easurem ent was found to differ from the quenched/annealed  m easurem ent. There 
was a slight change in activation energy in the quenched/annealed m easurem ents which 
was also evident in the heating/cooling m easurem ents on the annealed sample. In 
addition, the conductivities were significantly reduced with long annealing indicating that 
this treatm ent is detrim ental to conductivity.
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Figure 5.10 Conductivity in dry O ] o f LhSrLaaNb^Oia
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T able 5.6 Conductivity values for LhSrLaaNb^O 12 quenched in air and measured in dry O 2 and annealed and
measured in dry O 2
Therm al
History
Tem perature (j (g cm"1)
m
E a (eV) low 
tem perature 
region
E a (eV) high 
tem perature 
region
M easured in 0 2 
Q uenched
25 6.111x10" 
200 0.00351
0.47 0.26
M easured in 0 2 
Annealed
25 8.477x10" 
200 0.00415
0.46 0.35
Annealed in 0 2 
FI eating
25 1.008x10? 
200 0.00029
0.59 0.42
Annealed in 0 2 
Cooling
25 7.347x10* 
200 0.00018
0.57 0.57
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Figure 5.11 Conductivity measurem ents on an annealed sample o f  LieSrLaaNbzOn in dty* O i
Since m easurem ents in dry 0 2 showed few effects o f  differing therm al history on 
conductivity, it was decided to examine the effect o f  a using wet atm osphere in order to see 
if  there was a protonic contribution to the conductivity. Conductivity m easurem ents were 
then made in w et (H20  and D 20 )  atm ospheres. In  bo th  m easurem ents, N 2 was used as a 
carrier gas due to problem s with the 0 2 supply at the time. In  these m easurem ents the 
samples were heated in the required atm osphere to 600°C for 2 hours before cooling to 
room  tem perature at 1°C min"1 and measuring conductivity. B oth m easurem ents showed 
no m ajor thermal history effects but displayed a change in activation energy at high 
temperatures. A difference between low tem perature m easurem ents in D^O in com parison 
to those in H 0O  is observed.
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Figure 5.12 Conductivity measurements in N 2 / D 2O /H 2O  o f LtySrLaaNt^Oia
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Table 5.7 Data for conductivity in DaO and H 2O of Li6SrLa2Nb20i2
Condition Thermal
History
Temperature (§ cm 1) 
(°C)
E a low E a high 
temperature temperature 
region (eV) region (eV)
n 2/ h 2o Heating 25 3.301xl0"8 
200 0.00031
0.67 0.33
Cooling 25 2.103x1 O'8 
200 0.00037
0.71 0.36
n 2/ d 2o Heating 25 3.840x10"7 
200 0.00088
0.55 0.37
Cooling 25 3.892x10"7 
200 0.00088
0.57 0.33
5.3.3 Discussion
Detailed conductivity measurements on the systems Li6ALa2Nb20 12 (A = Ca, Sr) have been 
performed to try to identify the origin of the thermal history effects on conductivity. For 
Li6SrLa2Nb20 12, the spark plasma sintered sample showed the highest conductivity (<T25=C = 
5.319X10"3 S cm'1) and also showed no difference between quenched and annealed 
conductivity runs. In contrast, samples prepared by conventional sintering, which 
consequentially had lower densities (averaging 70% dense) showed significant thermal 
history effects in air. For these samples it was shown that quenching temperatures above 
400°C leads to an enhancement in the room temperature conductivity. In order to 
investigate these changes in more detail, measurements were also performed in different 
atmospheres and with different sintering temperatures. The conductivity of I i 2C 0 3 was 
found to be low and accordingly, the sample with a high proportion of Li2C 0 3 was also 
found to show a reduced conductivity.
Increasing the sintering temperature (to 1000°C) was not found to increase the density of 
the pellet but was shown to increase the conductivity, although the sample was no longer 
single phase. In addition the difference between the conductivity of the quenched and 
annealed samples was enhanced. Measurements were also performed in dry 0 2 and in this 
case there was very little difference in the conductivities of the quenched and annealed 
samples.
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However, further annealing in 0 2 at 400° C was shown to reduce the conductivity 
significantly, which may suggest ordering of the Li in the tetrahedral and distorted 
octahedral sites is occurring on annealing. Finally measurements were also performed in 
wet atmospheres (D20 / H 20/N ^) with some unusual results. In these measurements, the 
conductivity in N2/D 20  was higher than in N 2/H 20 ,  contrary to what might be expected. 
This would seem to discount proton conductivity, but rather is most likely due to lower 
D /L i exchange compared to H/Li.
Overall the results are complex, but certain important features can be extracted. The 
highest conductivity was observed for the spark plasma sintered sample. This sample had 
high density (93% theoretical) and so the conductivity is likely to be dictated by that of the 
bulk sample. In contrast, the conventionally sintered samples had lower densities (around 
70% theoretical), and so changes in the conductivity observed may be at least partly related 
to changes in the grain boundary component.
5.4 Neutron diffraction study o f7Li6SrLa2Nb20 12
5.4.1 High temperature neutron diffraction
High temperature neutron diffraction was used to establish the cause for the thermal 
history effects observed in the conductivity data in these phases. The ambient temperature 
data has already been discussed in Chapter 4 (structural parameters in Table 5.8). Short 
data collection measurements were then made over increasing temperatures (for cell 
parameter determination), culminating in a long data collection at 350°C for full structural 
analysis. At the time of these measurements, the extent of the thermal history effects were 
not fully understood, and as a result, the thermal history of this sample was not as carefully 
controlled as in other samples. Prior to the measurement, the sample was annealed at 
150°C for several hours and neutron diffraction carried out several days later.
As before (Chapter 3 and 4), the model proposed by Cussen2 was used as a starting point 
for the refinement but the 48g site occupancy fell to approximately zero, and an improved 
fit was achieved with a model which excluded this site, leaving Li in two sites, the ideal 
tetrahedral site and a distorted octahedral site.
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T able 5.8 Structural data for room temperature measurement o f T âoSrLazl^O iz from Chapter 4
Atom Site X y 2 Fractional
Occupancy
Total site 
occupancy
100 u  
(A2)
La
(Sr)
24c 1/8 0 % 2/3  (1/3) 2(1) 1.17(3)
Nb 16h 0 0 0 1.0 2 1.21(3)
Lil 24d % 7/8 0 0.59(1) 1.77 2.1(3)
U2 96h 0.0964(4) 0.6830(5) 0.5758(4) 0.352(3) 4.22 0.6(2)
O 96h 0.28205(5) 0.10524(6) 0.28029(6) 1.0 12 1.66(3)
Space group — Ia3 d a= 12.83078(3) Â
Chi2 = 5.587 (Backscattered bank) = 5.40% Rp (BS) = 5.00% 
R*p (90° back) = 5.15% Rp (90° back) = 4.54%
A good fit to the data collected at 350°C was achieved (Figure 5.13), resulting in the 
structural parameters in Table 5.9 and selected bond lengths shown in 
Table 5.10.
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Figure 5.13 Observed, calculated and difference plots for ^LigSrLazNbzOiz at 350°C
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Table 5.9 Structural parameters for TLioSrLazNbzOiz at 350°C
Atom Site X y 2 Fractional
Occupancy
Total site 
occupancy
100 u
(À 2)
La
(Sr)
24c 1/8 0 1/4 2/3 (1/3) 2(1) 1.82(4)
Nb 16a 0 0 0 1.0 2 1.58(3)
Lil 24d 1/4 7/8 0 0.55(1) 1.65 3.9(4)
Ii2 96h 0.0946 (4) 0.6842 (5) 0.5759 (4) 0.372(3) 4.64 1.4(2)
O 96h 0.28158 (5) 0.10549 (6) 0.20100 (6) 1.0 12 2.37(3)
Space group — Ia3 d a = 12.89618(3) À 
Chi2= 5.725, (BS) = 6.00%, Rp (BS) = 5.60%, 
R*p (90°) = 5.38%, Rp (90°) = 4.71%.
T able 5.10 Selected bond lengths for TioSrLazNbzOiz at 350°C
Bond Length (A)
La/Sr — O [x4] 2.5154(7)
La/Sr — O [x4] 2.6361(7)
Nb — O [x6] 2.0096(8)
Lil -  O [x4] 1.9238(7)
Bond Length (A)
Li2 — O 1.855(6)
2.004(6)
2.100(6)
2.356(6)
2.700(6)
2.748(6)
Between the ambient and high temperature measurements, shorter measurements were 
taken to determine the cell parameters at a range of intermediate temperatures. These 
refinements used the structure from the ambient measurement as a starring point and only 
refined the cell parameter and peak shape parameters. Table 5.11 shows the increase in cell 
parameter with temperature (also Figure 5.14). A slight change in slope is evident at 
around 150°C which could be linked to water incorporation effects.
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T able 5.11 Increase in cell parameter with temperature in TifiSriLa^NbaOn
Tem perature Cell Param eter (A)
Am bient 12.83078(3)
100°C 12.84503(5)
150°C 12.85301(5)
200°C 12.86405(5)
250°C 12.87629(5)
300°C 12.88735(5)
350°C 12.89618(3)
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Figure 5.14 Change in cell param eter with tem perature for TâôSrLaaNbiO^
5.4.2 Effect of thermal history (quenching and annealing) on the structure
N eutron  diffraction data were also collected for a large sample o f  7Li6SrLa2N b 7O v which 
was split into two portions. O ne portion was quenched from  800°C directly prior to the 
m easurem ent under am bient conditions on the POLARIS beam-line at ISIS, R utherford 
Appleton Laboratories.
The structure obtained for this com position from  previous neutron diffraction studies 
(Section 5.4) was used as a starting point for the refinement. A good fit to the data was 
obtained (Figure 5.15) and Table 5.12 shows the structural param eters obtained. Figure 
5.15 shows that a two phase refinem ent was required, the second phase being L i,C 0 3 
which was present as a result o f  the excess added during synthesis. The addition o f  this 
second phase significantly im proved the quality o f  the fit. Table 5.13 gives selected bond 
lengths from this refinem ent showing similar results to previous samples.
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Figure 5.15 Observed, calculated and difference profile for TL^Srl^NbiOi? measured at room temperature, 
sample quenched from 800°C prior to measurement. Red tick marks indicate LiiCOa and black tick marks
the cubic garnet phase
T able 5.12 Structural parameters for ^SrL aoN boO iz quenched prior to measurement
Atom Site X y 2 Fractional
Occupancy
Total site 
occupancy
100 u  
(A2)
La
(Sr)
24c 1/8 0 1/4 2/3 (1/3) 2(1) 0.741(7)
Nb 16a 0 0 0 1.0 2 0.465(8)
Lil 24d 1/4 7/8 0 0.499(8) 1.50 2.9(1)
Li2 96h 0.0998(2) 0.6880(2) 0.5771(2) 0.376(2) 4.51 1.74(7)
O 96h 0.28157(3) 0.10574(3) 0.20047(3) 1.0 12 1.127(7)
Space group = Ia3 d a. = 12.82363(4) Â 
Chi2 = 3.329 (BS) = 3.24% (BS) = 4.61%,
R*, (90°) = 2.39%, Rp (90°) = 4.22%.
Main phase = 98.32% Secondary phase (Ii2C 0 3) = 1.68%
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Table 5.13 Selected bond lengths for quenched ^ôSrLaaNbaOia
Bond Length (A)
La/Sr — O [x4] 2.5047(4)
La/Sr — O [x4] 2.6142(4)
Nb -  O [x6] 1.9974(4)
l i l  -  O [x4] 1.9177(4)
Bond Length (A)
Li2 — O 2.6161(29)
2.3202(30)
2.1154(30)
2.7050(27)
1.8204(24)
2.0797(31)
The second portion of the 7Li6SrLa2Nb20 12 sample was annealed at 400°C for 12 hours and 
then slow cooled prior (1°C per minute) to measurement. The structure was refined using 
the same model as the quenched data discussed previously.
Table 5.16 shows the observed and calculated data indicating a good fit was achieved. As 
for the quenched sample a two phase fit was required. Table 5.14 and Table 5.15 contain 
the structural parameters and selected bond lengths respectively.
o
If )
o
:
1.0 2.0 3.0 4.0
d-spacing IA
Figure 5.16 Observed, calculated and difference plot for annealed 7Li6SrLa2N b2O i2 showing Li2C0 3  in red 
tick marks and the cubic garnet phase in black tick marks
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Table 5.14 Structural data for annealed TLiüSrLazNbzO^
Atom Site X y z Fractional
occupancy
Total site 
occupancy
100 u  
(A2)
La
(Sr)
24c 1/8 0 1/4 2/3  (1/3) 2(1) 0.736(7)
Nb 16a 0 0 0 1.0 2 0.484(8)
Lil 24d 1/4 7/8 0 0.517(8) 1.55 3.1(1)
Ii2 96h 0.1005(2) 0.6874(2) 0.5776(2) 0.371(2) 4.45 1.75(7)
O 96h 0.28170(3) 0.10585(3) 0.20041(3) 1.0 12 1.115(7)
Space group =  Ia3 d a = 12.82634(4) Â 
Chi2 =5.582 R^p (BS) = 3.08% Rp (BS) = 4.88%
R*p (90°) = 2.38% Rp (90°) = 4.38%
Primary phase = 98.31% Secondary phase (Li^CC^) = 1.69%
Table 5.15 Selected bond lengths for annealed TLiaSrLazNbzOïz
Bond Length (A)
La/Sr — O [x4] 2.5066(4)
La/Sr — O [x4] 2.6139(4)
Nb — O [x6] 1.9972(4)
Lil -  O [x4] 1.9187(4)
Bond Length (A)
Li2 — O 2.6170(28)
2.3242(30)
2.1135(30)
2.7098(26)
1.8161(29)
2.0819(31)
The annealed sample discussed above was then measured again at -269°C (4 K) to reduce 
the thermal parameters and better resolve the Li sites.
Two models were investigated when refining these data; the first was the model proposed 
by Cussen2 where Li was found in three sites. The second was the model successfully 
applied to previous neutron diffraction data already discussed in this chapter which places 
Li in two sites. This was done in order to confirm that the choice of model was correct 
using the low temperature data. As in previous comparisons of these models, the model 
with two sites gave the best representation of the structure. In addition, when refining the 
data with the model proposed by Cussen2, the occupancies of the three Li sites were 
allowed to refine and the Li3 site was found to have a fractional occupancy that 
approximated to zero.
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Figure 5.17 shows the observed, calculated and difference patterns for the backscattered 
bank. An additional peak was observed around 2 Â which is due to the cryostat.
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Figure 5.17 Observed and calculated data for 7Li6SrLa2Nb20i2 at -269°C with difference plot showing 
LhCOs as red tick marks and cubic garnet phase as black tick marks
T able 5.16 Structural parameters for annealed 7Li6SrLa2Nb20i2 measured at -269°C
Atom Site X y 2 Fractional
occupancy
T otal site 
occupancy
100 u  
(A2)
La
(Sr)
24c 1/8 0 1/4 2/3  (1/3) 2(1) 0.366(6)
Nb 16a 0 0 0 1.0 2 0.208(9)
Lil 24d 1/4 7/8 0 0.500(8) 1.50 1.5(1)
Li2 96h 0.1001(2) 0.6889(3) 0.5779(2) 0.375(2) 4.50 0.59(6)
O 96h 0.28184(3) 0.10567(3) 0.20010(3) 1.0 12 0.76(7)
Space group = Ia3 d a = 12.79928(4) Â 
Chi2 = 3.561 R*, (BS) = 1.65% R, (BS) = 2.73%
R*p (90°) = 1.12% Rp (90°) = 2.76%
Primary phase = 97.96% Secondary phase (Li2C 0 3) = 2.04%
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Table 5.17 Selected bond lengths for annealed Ti^SrLazNbz012 at -269°C
Bond Length (A)
La/Sr — O [x4] 2.5034(4)
La/Sr — O [x4] 2.6052(4)
Nb — O [x6] 1.9966(4)
l i l  -  O [x4] 1.9128(4)
Bond Length (A)
Li2 — O 2.6092(31)
2.3061(33)
2.1189(32)
2.7023(29)
1.8019(31)
2.0875(34)
5.4.3 Discussion
The structure of 7I i 6SrLa2Nb20 12 was determined at elevated temperature by neutron 
diffraction in order to examine whether there were any significant changes with 
temperature. A comparison of the room temperature structure to the structure at 350°C 
shows no major differences. In both cases, the Li is located in 2 sites, one tetrahedral and 
one distorted ‘octahedral’ site.
In the room temperature refinement of this sample, the occupancy of the tetrahedral Li site 
was 1.77 Li and the distorted “octahedral” site 4.224 Li (Chapter 4). In the structural 
refinement of data collected at 350°C, the occupancy of the Lil site was found to be 1.65 
Li and the distorted “octahedral” site 4.35 Li. Thus, there is a small change in Li site 
occupancy that may suggest that at higher temperatures, more Li occupies the distorted 
octahedral site. Considering the lower Ea at higher temperature in the conductivity data, 
this provides possible support for the proposal that this site is important in the l i  ion 
conduction mechanism.
In addition to the detailed structural data at room temperature and 350°C, cell parameters 
were determined for intermediate temperatures. These data show an expansion of the unit 
cell as is expected. However, there is a slight change in slope (Figure 5.18) around 150°C. 
It is possible this is the effect of water loss from the sample, although further studies would 
be required to confirm this.
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Figure 5.18 Variation in unit cell length with tem perature in 7Li6SrLa2Nb20i2
Following the subsequent observation o f thermal history effects outlined earlier, data were 
subsequently collected on a sample o f  7I i 6SrLa2N b 20 12 for which half was annealed and 
half quenched from  800°C. The quenched portion was treated as closely to the thermal 
treatm ent o f the conductivity pellets as is possible for a pow der sample.
The refinem ent o f  the quenched structure used the same m odel as for the previous high 
tem perature refinem ents o f  this phase. This m odel gave a good fit to  the data showing the 
Li again in two sites, one tetrahedral and the other a distorted octahedral. The L il site 
occupancy was 1.497 Li and the distorted octahedral Li2 site occupancy was 4.512 Li. This 
is a slightly higher proportion  o f Li in the octahedral site than was observed in the data 
collected at 350°C and might add further weight to the conclusion that there is a gradual 
redistribution o f Li from the tetrahedral to the distorted octahedral sites as the tem perature 
is increased.
The data collected from  the annealed portion o f the 7Li6SrLa2N b 20 12 sample showed 
similar results to the quenched sample. In this case the Lil site occupancy was 1.55 Li 
while that o f  the Li2 site was 4.45 Li. A lthough the Li2 site occupancy is lower than that o f  
the quenched sample as expected, it is not as low as that observed for the initial sample 
prepared and m easured at room  temperature. In addition, to the small changes in site 
occupancies, there was a small change in cell param eter (quenched sample 12.82363(4) Â 
com pared to 12.82634(4) A annealed). In order to examine the structural features in m ore 
detail the same annealed portion o f sample was then m easured again at -269°C. The 
geometry around the Lil and Li2 sites remained relatively unchanged, but the Li occupancy 
appears to have changed slightly. A t -269°C, the Lil site contains 1.497 Li and the
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distorted Li2 site 4.501 Li. This is very similar to the occupancy observed in the quenched 
refinement already discussed.
These studies therefore indicate that although there are slight structural changes with 
thermal history, these effects are not large. It is however, likely, as noted earlier that the 
changes in conductivity may be related to grain boundary effects and /  or L i/H  exchange. 
The similar scattering factors of H and Li and the likely low H levels make distinguishing 
its presence by neutron diffraction difficult.
5.5 Conclusions
Conductivity data on Li6ALa2Nb20 12 (A = Ca, Sr, Ba) have previously been shown to be 
susceptible to thermal history (Chapter 4), resulting in a low temperature conductivity that 
is higher in quenched samples than in annealed ones. These effects are most likely related 
to grain boundary effects and /  or Li/H  exchange. The highest conductivity was therefore 
observed for the spark plasma sintered sample, whose high density means there was 
negligible grain boundary resistance, which limits the potential for H /L i exchange, which is 
likely to be a surface effect.
These conclusions are also likely to be relevant to the other thermal history effects in the 
Sb based systems, where the annealed samples had higher conductivities than the quenched 
samples, suggesting that in this case the effect of these changes are beneficial.
Neutron diffraction studies on 7Li6SrLa2Nb20 12 suggested a shift in Li from the tetrahedral 
to distorted octahedral sites with increasing temperature although the change observed was 
small. In addition, data from quenched samples were compared to those of an annealed 
sample, which suggested again there was a small change in structure with thermal history. 
The extent of these changes, however, suggest that this is not the cause of the thermal 
history effects observed but could be linked to the change in activation energy at high 
temperatures noted in the conductivity data for these phases.
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6.1 Introduction
Increasing the Li content of Li containing garnet materials has been an important part of 
the research into these l i  ion conductors. Initially, low Li content phases, such as 
LigNdgWoO^, were studied, and then the range was expanded into higher l i  content 
materials such as Li^La^Sb,O^^° before doping on the Ln site was investigated, to increase 
further the Li content 5’ 8’ nA1. Recently, another doping strategy has been reported,
namely doping on the M site to form Li5+xLn3Mv2„xZrx0 12 with the x = 2 composition being 
successfully synthesised18. This very high l i  content material is reported as cubic with one 
of the highest conductivities seen in these materials (g,25=c ~ 5 x10"4 S cm"1). Doping in this 
way has the potential to open a new chapter of interest in these garnet related materials as 
solid state electrolyte materials due to the very high l i  content and resultant conductivity. 
Here results for additional high Li content phases are reported, including doping with Sn 
and Zr on the M site, structural effects of this doping and interesting phase change 
behaviour.
6.2 Experimental
High purity oxides (La20 3, Nd20 3, S n02, Nb20 5, Sb20 3 and Z rO j and carbonates (Ii2C 0 3) 
were mixed intimately in stoichiometric quantities with 10% excess I i 2C 0 3 and heated 
overnight at 700°C before being pressed as a pellet. Pellets were heated in a crucible with a 
lid at 900°C for 3-12 hours, in 3 hour segments, between which, pellets were analysed using 
XRD, reground and re-pressed before being reheated. Some samples 
{e.g. I i 5+xLa3Nb2.xSnx0 12 and Li5+XNd3Sb2_xSnx0 12 series) also required heating to 950°C for
1.5 hours, with the addition of an extra 5% Li2C 0 3 to counter the loss of Li at this higher 
temperature.
Most samples produced were not made completely phase pure as it was found that 
synthesis of these doped materials was non-trivial, and highly sensitive to reaction 
conditions. When samples were as of as good a quality as possible, Unitcell.exe19 was used 
to calculate the cell parameters from XRD data.
In addition to the preparation of the series of doped samples above, a sample of 
7Li7La3Sn20 12 was synthesised, for neutron diffraction using 7Li enriched Li2C 0 3, which 
overcomes the high neutron absorption cross section of 6Ii. Ambient temperature time of 
flight neutron diffraction data were collected on the POLARIS diffractometer at ISIS,
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Rutherford Appleton Laboratories and a structural model fitted to the data using the 
GSAS20 and EXPGUI21 suite of programs.
Conductivity measurements were carried out in air on samples synthesised pure. In some 
cases, additional measurements were made in wet and dry atmospheres to investigate the 
effect of water. For all measurements, pellets were pasted with gold paste and gold foil 
electrodes attached before the conductivity was measured. Thermal analysis measurements 
were made in air using a heating rate of 5°C per minute.
6.3 Sn doping in the Sb and N b based garnet system s
In order to increase further the Li content of the garnet materials being studied during this 
project, doping with Sn was tried. This was initially carried out for the Sb based garnets 
and a range of compositions were synthesised (Li5+xNd3Sb2„xSnx0 12 (x = 0.5, 1, 1.5, 2)). In 
addition, some Nb based garnets were also synthesised (Li5+xLa3Nb2„xSnx0 12 x = 1,2). All 
the compositions attempted formed a garnets phase as the major phase, but most were 
found to be not completely pure. Figures 6.1-6.3 show the XRD patterns of 
Li5+xNd3Sb2„xSnx0 12 (x = 0.5, 1, 1.5) showing the presence of a cubic garnet phase with 
some minor impurities. The cell parameters for the series Li5+xNd3Sb2.xSnx0 12 (x = 0.5, 1, 
1.5) are in Table 6.1.
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Figure 6.1 XRD pattern for Li5.5N d 3Sb1.5Sno.5O 12 with NdoSboOw in black and LioCOa in green
Peaks in the pattern for x -  Î.5 appear slighdy broader than those in previous phases in the 
series, possibly suggesting movement of the structure towards the tetragonal system 
observed for Li7Nd3Sn20 12.
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Figure 6.2 XRD pattern for LiôNc^SbSnO^ with NdiOs in red and Li^COs in green
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Figure 6.3 XRD pattern for Li6.5Nd3Sbo.5Sn1.5O 12 with NdaOs impurities in red and U 2CO3 in green
Table 6.1 Cell parameters of the cubic series Li5+xNd3Sb2-xSnxOi2 (x = 0.5,1, 1.5)
X Cell (A)
0.5 12.6916(5)
1 12.7256(5)
1.5 12.7634(5)
Figure 6.4 shows the XRD pattern for Li7Nd3Sn2C)12 which resulted in a tetragonal garnet 
phase being produced (a = 12.9346(8) Â, c = 12.425(1) Â) along with a small amount of 
Li2S n03 impurity. Addition of extra I i2C 0 3 was found to decrease the Li2S n03 impurity 
although the sample was not found to be single phase even after the addition of 50% 
excess Li2C 0 3. The formation of a tetragonal garnet phase is unusual, as most garnets are 
cubic and therefore this warranted further investigation.
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Figure 6.4 XRD pattern o f  LivNdsSniOia with LiaSnOs in blue
In addition to the N d/Sb systems, doping was also attempted in the La/N b system to see 
whether the changes in structure observed in the Sb based system also occur in the Nb 
based system. In this case, a shorter series of two samples was successfully synthesised, 
I i 5+xLa3Nb2.xSnx0 12 (x = 1,2). Figure 6.5 shows the XRD pattern for Li6La3N bSn012 with 
a cubic garnet phase (12.8720(5) A). This phase also shows some La20 3 impurity.
c
35 20° 4515 25 55 65
Figure 6.5 XRD pattern for LiôLasNbSnOia with LaiCb in red
Figure 6.6 shows the XRD pattern for Li7La3Sn20 12 which, like the I i 7Nd3Sn20 12 
composition has a tetragonal cell (a = 13.1241(8) Â c = 12.549(1) A) with a minor Li2S n03 
impurity phase.
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Figure 6.6 XRD pattern o f  LiyLasSnaOn with LiySnOy im purity in blue
6.4 E ffect o f  Sn doping on conductivity
Conductivities were measured on quenched and annealed samples o f  Li5+xN d 3Sb2„xSnx0 12 (x 
— 0.5, 1, 0.5, 2) and 'Li5+xLa3Sn2_xSnN0 12 (x =  1, 2). As has been done for previous phases, 
samples were quenched from 800°C prior to m easurem ent and the conductivity m easured 
on increasing and then decreasing tem perature, taking the decreasing tem perature 
m easurem ent as the annealed sample.
Figure 6.7 shows the conductivity plot for Lij 5N d 3Sb15Sn05O 12 in air. These data indicate a 
com parable conductivity to phases o f  a similar Li content (e.g. the parent phase 
Li5N d 3Sb20 12) in Chapters 3 and 4. In  addition, thermal history effects are observed as 
well as a distinct change in activation energy at interm ediate tem peratures (Chapter 5). 
Values from  conductivity measurem ents on the Li5+xN d 3Sb2_xSnx0 12 (x = 0.5, 1, 0.5, 2) 
series, as well as the Li5+xLa3N b 2„xSn20 12 (x =  1,2) series can be found in Table 6.2.
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Figure 6.7 Conductivity data for L i 5 . 5 N d 3 S b 1 . 5 S n o . 5 O 1 2  in air
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Figure 6 .8  shows the conductivity plot for Li6N d 3S b S n 0 12 (x = 1) m easured in air. This 
m easurem ent indicates, that as for the x = 0.5 com position, this phase is affected by 
thermal history effects and also shows a decrease in activation energy at interm ediate 
tem peratures from  a high activation energy at low tem peratures to a significantly lower 
tem perature at high temperatures.
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Figure 6.8 Conductivity data for LisNd.ySbSnOn in air
Figure 6.9 shows the conductivity plot for Li65N d 3Sb05Sn15O t2 (x = 1.5) in air. This phase 
displayed a higher quenched conductivity than the others in this series but the conductivity 
o f  the annealed sample was similar to the other samples. As well as these therm al history 
effects, there is a change in activation energy occurring in the annealed m easurem ent but 
this is no t observed to the same extent during the quenched measurem ent.
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Figure 6.9 Conductivity data for Lic.sNd3Sbo.5Sn1.5O 12 in air
Figure 6.10 shows the conductivity plot in air for Li7N d 3Sn20 12 in air. T here are small 
thermal history effects evident between the quenched and annealed samples bu t this phase 
shows a very low conductivity for bo th  measurements. Unlike the o ther com positions in
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this series, the activation energy increases at higher temperatures. The low conductivity is 
likely to be due to cation ordering (for details see the neutron diffraction study on 
7Li7La3Sn20 12 in Section 6.5).
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Figure 6.10 Conductivity plot for LiyNdsSmOn in air
Figure 6.11 shows the conductivity plot for Li6La3N b S n 0 12. This com position was 
affected by the thermal history with the quenched conductivity being higher than the 
annealed. In  addition, this sample displays the same activation energy decrease at elevated 
tem peratures as observed for the related Sb based systems.
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Figure 6.11 Conductivity plot for LhLa^NbSnO n in air
Figure 6.12 shows the conductivity plot for Li7La3Sn20 12 in air. This m easurem ent shows 
this phase is mildly susceptible to thermal history effects with the quenched conductivity 
being higher than the annealed at low temperatures. There is also a small change in 
activation energy at high temperatures in this measurement. This com position shows a 
very low conductivity comparable w ith the Li7N d 3Sn20 12 phase, w hich is consistent with 
these very high Li content materials undergoing cation ordering (Section 6.5).
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Figure 6.12 Conductivity data for LiyLasSnaO^ in air
T able 6.2 Conductivity values for series Lis+xNdaSba-xSnxOn (x = 0.5, 1, 1.5, 2) 
and Lis+xLasNba-xSnxOia (x =  1, 2)
Composition Therm al
History
a 200°C
(S cm-1)
E a (eV) low 
tem perature 
region
E a (eV) high 
tem perature 
region
Li5.5Nd.5Sb, 5Sn05O 12 Q uenched 0 . 0 0 0 2 2 0.95 0.40
Annealed 0 .0 0 1 2 2 0.97 0.36
Li6N d 3S b S n 0 12 Q uenched 0 .0 0 0 1 1 1.29 0.45
Annealed 0.00146 1.32 0.39
Lig.sNdjSbfijSn, 50 12 Q uenched 0.00143 0.42 0.45
Annealed 0.00177 0.67 0.48
Li7N d 3Sn20 12 Q uenched 8.726x10" 0.48 0 .8 8
Annealed 7.256x10' 0.56 0.81
I i 6La3N b S n 0 12 Q uenched 0.00136 0.94 0.53
Annealed 0.00089 0.72 0.49
Li7La3Sn-,0 ,0 Q uenched 2.118x10' 0.77 0.63
Annealed 9.143x10* 0.81 0.67
file same sample (of Li7La3Sn20 12) was also m easured under w et conditions 
(N2/ D 20 / H 20 ) .  In this case, instead o f  m easuring the sample after quenching and 
annealing, it was heated to 600°C in the m easurem ent furnace under the required 
atm ospheric conditions before being slow cooled at 1°C to room  tem perature. Figure 6.13 
shows the conductivity plot for Li7La3Sn20 12 in N 2/ H 20  and Figure 6.14 shows the 
conductivity data o f  the same sample in N 2/ D 20 .  Values from  both  these m easurem ents
are in Table 6.3. Both the m easurem ents in w et atm ospheres showed no difference 
between hearing and cooling tem perature measurements. There was, however, a change in 
activation energy on hearing in bo th  H 20  and D 20  m easurem ents. There is no significant 
difference betw een the D 20  and H 20  measurem ents, suggesting that the conduction is due 
to Li rather than protons.
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Figure 6.13 Conductivity plot for LiyLasSmOia in N 2 /H 2O
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Figure 6.14 Conductivity data for LivLa^SnzOi? in N 2/ D 2O
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Table 6.3 Conductivity values for LivLasSnaOia in N 2 /H 2O and N 2 /D 2O
Condition Therm al
CT200°C
E a (eV) low E a (eV) H igh
History (S cm-1) tem perature tem perature
region region
N 2/ H 2Q Heating 3.24x10" 0.84 0.59
N z/PTO Cooling 3.13x10" 0.80 0.59
N 2/ D 2Q Heating 3.98x10" 0.80 0.53
N 2/ D 2Q Cooling 4.12x10" 0.83 0.57
In  addition to w et atm ospheres, a m easurem ent was made in dry N 2 in w hich the sample 
was heated to 600°C in dry atm osphere before being cooled at 1°C per minute. The data is 
displayed in Figure 6.15 and Table 6.4. The conductivity was m easured on increasing and 
decreasing tem perature as before. As for the m easurem ents in w et atm ospheres, there is 
no significant difference betw een the measurem ents on increasing and then decreasing the 
tem perature. In addition, the conductivity in dry atm ospheres is com parable to that in wet 
conditions, adding weight to  the conclusion that there is negligible p ro ton  conduction 
occurring in this phase.
2 
1
— 0 
i - i
V)
-  -4
-5
-6
♦ 0
Heating
Cooling
1 1.5 2.5
1000/T(K)
Figure 6.15 Conductivity data for L iv I^ S ^ O n  in dry N 2
T able 6.4 Conductivity values for LiyLa^Sn^On in dry N 2
Conditions E a (eV) low E a (eV) high
(S cm"1) tem perature tem perature
region region
Heating 2.234x10" 0.76 0.56
Cooling 2.916x10" 0.75 0.59
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6.4.1 D iscussion
Tw o series o f  Sn doped materials were synthesised successfully. The series 
Li5+xN d 3Sb2_xSnx0 12 (x = 0.5, 1, 1.5, 2) showed that doping w ith Sn on the Sb site was 
possible, w ith the charge balanced by the incorporation o f  additional Li. This doping 
strategy was also found to be sucessful in the related L a /N b  system Li5+xLa3N b 2_xSnx0 12 (x 
= 1, 2). T he samples produced were not, however, completely phase pure, the m ost 
com m on impurities found being Sn rich, suggesting that some non-stoichiom etry may be 
favourable in these compositions.
The cell param eter changes w ith Sn content can be seen in Figure 6.16 which shows the 
expansion in the cell w ith increasing Sn content. For the series Li5+xN d 3Sb2_xSnx0 12 (x = 
0.5-1.5) cation ordering occurs, at x = 2 (Section 6.5) and the volum e then effectively 
plateaus while there is a tetragonal distortion o f  the cell. The tetragonal cell is unusual in Li 
containing garnet materials and has no t previously been reported prior to this project22. 
The cell param eters were fitted using the tetragonal cell identified in Chapter 4 and later 
confirm ed by neutron diffraction (Section 6.5).
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Figure 6.16 Changes in cell with Sn content for Lis+xNcbSba-xSnx012 (x =  0.5 -  2)
Conductivity m easurem ents showed that despite the increase in Li content, the 
conductivity was not significantly higher than that o f  the related LirA Ln2M 20 12 materials (A 
-  Sr, Ca, Ba Ln = La, N d; M = Sb, N b, Ta) and the conductivity o f  the x =  2 phases 
Li7La3Sn20 12 and Li7N d 3Sn20 12 was significantly lower (Table 6.5).
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Table 6.5 Comparison o f conductivity between Sn doped and Sr doped LisNdaSbzOu
Composition ®200°C ( S  c m  )
Li5Nd3Sb20 12 0.00101
Li5.5Nd3Sb15Sn05O12 0.00022
Li6Nd3SbSn012 0.00011
-^6.5-  ^d3Sbo_5Snli50 12 0.00143
Li7Nd3Sn20 12 8.3x10"
Li6SrNd2Sb20 12 0.00355
The cubic samples that were prepared showed very similar traits to those of other cubic l i  
containing garnet materials, e.g. Li6ALn2M20 12 (A = Ca, Sr, Ln = La, Nd M = Sb, Nb). As 
well as comparable conductivities, they showed evidence of thermal history effects; in most 
cases the quenched conductivity was lower than the annealed. This may be due to changes 
in grain boundary conduction, possibly due to water incorporation effects, although 
measurements of the I i 7La3Sn20 12 sample in dry and wet conditions showed only minor 
differences. There was no significant change in conductivity with increasing Sn content 
with the exception of the x = 2 end member, which showed a very low conductivity. This 
is consistent with the structural data obtained in Section 6.5 which show that the Li sites in 
these compositions are more ordered.
Changes in activation energies were observed in all samples at elevated temperatures. This 
is consistent with the results for other garnet materials. In one sample (Li7Nd3Sn20 32) the 
activation energy increased at high temperatures, but for the rest of the samples, it 
decreased. This is thought to be due to changes in Li ion distribution and/or defect 
trapping at the elevated temperatures.
Conductivity studies on Li7La3Sn20 12 under alternative conditions showed no clear 
evidence for proton conductivity. The measurements in H20 ,  D20  and dry atmospheres 
were very similar.
6.5 Structural determination for U 7La3Sn20 12
A sample of 7Li7La3Sn20 12 was prepared using 7Li enriched 7I i2C 0 3. A large excess of 
7Li2C 0 3 was required to produce a sample that showed no Sn based impurities according to 
XRD. This sample was then examined at room temperature using neutron diffraction with
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the POLARIS diffractom eter at the ISIS neutron facility. The structural m odel was refined 
to fit the data using the GSAS suite o f  programs.
The initial starting m odel for the refinem ent was that o f  the tetragonal garnet material 
Ca3_xT hxZ r2_yFeyFe30 1223. In  the equivalent model. La is in an 8  coordinate site, and Sn in 
an octahedral site. Initially, the tetrahedral Li site was left unoccupied. Fourier maps were 
then employed to locate the Li within the structure. The Fourier m aps showed the 
locations o f  three Li sites w ith a total occupancy o f  7 Li assuming each site was fully 
occupied. Including these sites in the refinem ent then significantly im proved the quality o f 
the fit. Allowing the refinem ent o f  the Li site occupancies did n o t lead to a significant 
deviation from  the fully occupied model. The three Li sites consisted o f  one ideal 
tetrahedral and two distorted octahedral sites. Unassigned peaks were then fitted to a 
second Li2C 0 3 phase, present due to the excess o f Li2C 0 3 added during synthesis. Figure 
6.17 shows the neutron diffraction data for Li7La3Sn20 12 indicating a good fit using a two 
phase refinement.
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Figure 6.17 Observed, calculated and difference plots for TivLasSn^On with the main phase shown by lower 
tick marks and the second 'IT C O i phase by upper tick marks
Table 6 .6  and Table 6.7 show the refined structural param eters and selected bond  lengths 
obtained from this refinement.
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Table 6.6 Structural parameters for ’LivLasSi^Oia
Atom Site X y 2 Fractional
site
occupancy
Total site 
occupancy
100 u
Lai 16e 0.12637(8) 0.0 0.25 1.00 2 0.36(2)
La2 8b 0.0 0.25 0.125 1.00 1 0.26(2)
Sn 16c 0.0 0.0 0.0 1.00 2 0.15(2)
l i l 8a 0.0 0.25 0.375 1.00 1 0.28(8)
Li2 32g 0.1617(3) -0.1693(2) 0.0569(2) 1.00 4 1.6(1)
Ii3 16f 0.3231(3) -0.0731(2) 0.125 1.00 2 1.3(1)
O l 32g 0.27701(7) 0.10167(8) 0.19945(8) 1.00 4 0.40(2)
0 2 32g 0.19513(8) 0.28353(8) 0.9770(8) 1.00 4 0.48(2)
0 3 32g 0.10406(8) 0.19856(8) 0.28491(8) 1.00 4 0.59(2)
Space Group: 
Chi2= 2.056 
Backscattered 
90° data: =
[41/a c d a = 13.1206(1) À c = 12.5'
data: =1.52%, R, = 3.47%
2.42%, Rp = 3.76%
167(1) A
T able 6.7 Selected bond lengths for TiyLasSnoOn
Bond Length (A)
Lal-O [x2] 2.468(1)
Lal-O [x2] 2.544(1)
Lal-O [x2] 2.534(1)
Lal-O [x2] 2.658(1)
Lil-O [x4] 1.897(1)
LÎ2-0 1.877(3)
LÎ2-0 2.043(3)
Li2-0 2.083(3)
Li2-0 2.158(3)
LÎ2-0 2.836(3)
LÎ2-0 2.826(3)
Bond Length (A)
La2-0 [x4] 2.620(1)
La2-0 [x4] 2.519(1)
Sn- O [x2] 2.077(1)
Sn- O [x2] 2.089(1)
Sn- O [x2] 2.077(1)
Li3-0 [x2] 2.549(4)
I i3 -0  [x2] 2.315(1)
LÎ3-0 [x2] 1.927(3)
Li2-Li3 2.610(3)
Li2-Li3 2.616(4)
Li2-Li2 2.723(7)
Lil-Li2 [x4] 2.520(4)
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Figure 6.18 Illustration o f the structure o f "^LijLaaSnoOn with La as yellow spheres, Sn as purple octahedra, 
tetrahedral Li at the centre o f  the green tetrahedra and octahedral Li site as light and dark green spheres
Li and m Sn Solid state N M R were also carried out on the same sample in an attem pt to 
distinguish between the different Li sites. The spectra were m easured on Varian VNM RS 
Spectrom eter (400 M Hz for 1H) with 1M LiCl or Sn(CH 3) 4 as reference; bo th  samples were 
m easured by the D urham  Solid State N M R  sendee.
The 7Li spectra show a single intense peak with associated spinning sidebands. In  contrast, 
the neutron diffraction w ork showed the presence o f  three Li sites, one tetrahedral and two 
octahedral (Figure 6.19). The lack o f  observation o f the three sites in the 7Li N M R  can be 
attributed to the chemical shift range o f  Li not being wide enough to allow resolution o f 
the different sites.
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Figure 6.19 7Li NMR data for TTLaiSroOn
The 119Sn spectra show two peaks, an intense one at -600 ppm  and a less intense one at
-445 ppm. There was also some broadening at the base o f  the -600 ppm  peak, w hich is
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usually indicative o f  a m ore disordered site (Figure 6.20). The average structure obtained 
from the neutron diffraction study indicated a single Sn site bu t partially disordered 
domains may exist in these materials, which may account for this broadening. The 
additional peak at -445ppm  is o f unknow n origin and further investigations would be 
required to establish its identity.
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Figure 6.20 119Sn NMR data for TTLasSruO^
6.5.1 Discussion
A Li enriched sample o f  'Li7La3Sn20 12 was successfully synthesised and the structure 
determ ined using time o f  flight neutron diffraction. The structural refinem ent shows that 
Li is completely ordered in the 7Li7La3Sn2O t2 structure, occupying 3 sites. T he L il site is 
tetrahedral and contains a total o f  1 Li and has the same geometry as the ideal tetrahedral 
site in the cubic garnet structure9, n ’ u . The remaining Li sites are m ore distorted. T he Li2 
site, holding 4 Li, is similar to the distorted “octahedral” site in the cubic material. The Li2 
site shows four bond distances between 1.9 A and 2 .2  A and two longer distances o f  m ore 
than 2 .8  A. The final Li site, containing the remaining 2  Li is also very distorted. This site 
is “octahedral” and has two bond distances o f  1.9 A, two o f  2.3 A and two o f  2.5 A. These 
geometries are illustrated in Figure 6.21.
Li3Li2Lil
Figure 6.21 Illustration  o f  geom etries o f  the 3 Li sites in the tetragonal T iv L a iS m O n  system
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As was shown in Table 6.7, there are no short Li-Ii distances in this material, which is 
unusual given the high Li content and the short distances observed in the related, lower Li 
content cubic systems9, u’14. The shortest distance that occurs in this tetragonal system, is 
2.520(4) Â between l i l  and Li2 which is compared to distances of «2  Â between the 
tetrahedral and distorted “octahedral” sites in the cubic systems14.
It has been suggested that the short distances in the cubic garnet are possible through 
lengthening of the Li-Li distance between the tetrahedral and “octahedral” sites to «  2.4Â14 
through displacement of the “octahedral” l i  when the tetrahedral site is occupied. 
Additionally, it has also been proposed that ordering of Li within the tetrahedral and 
“octahedral” sites in the cubic material allows for high l i  content without the short Li-Li 
distances. The work on Li7La3Sn20 12 confirms this interpretation by demonstrating the 
long range ordering proposed. The Li2 site is equivalent to the displaced “octahedral” site 
in the cubic model and the Li3 site is the undisplaced ideal “octahedral” site. The inclusion 
of extra Li to form the high Li content phase discussed here is made possible therefore 
through the ordered occupancy of the tetrahedral sites of which 1/3 of the total available 
ideal tetrahedral sites in the garnet structure are occupied.
The study carried out by O’Callaghan et al} '15 showed a change in site occupancy with Li 
content that, along with earlier work by that group, and work carried out during this 
project11,14,17, which indicates the potential of a domain structure existing within the garnet 
materials studied, which would result in tetragonal and cubic domains within both the 
tetragonal and cubic systems.
This is reinforced by non-ambient studies discussed in Section 6.6 where samples were 
found to show XRD peaks corresponding closely with both systems at the same time 
under particular conditions. Additionally, this domain structure could account for the 
unusual conductivity behaviour of these materials, as it has been reported17 that they suffer 
significant thermal history effects which could be the result of a higher proportion of 
tetragonal domains under the conditions where lower conductivity is observed.
6.6 Effect o f  temperature on the structure ofL i7La3Sn20 12
As the published results for Li7La3Zr20 12 indicated a cubic cell, while the Sn analogue, 
Li7La3Sn20 12 synthesised during this project was found to be tetragonal, a series of 
different experiments was carried out to investigate whether these compositions could 
switch between the high conductivity cubic structure, and the low conductivity tetragonal.
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The effect of temperature on the crystal structure was assessed using high temperature 
XRD, where the sample was heated from room temperature to 800°C and patterns 
collected during the heating stage and again once the sample had cooled to room 
temperature (Figure 6.22). These data showed some surprising phase changes with the 
sample becoming cubic between 200-300°C before reverting back to the tetragonal system 
again at 500°C, until 800°C which shows the reappearance of the cubic phase. During the 
low temperature phase change, the cubic phases showed some peak broadening and 
splitting suggesting the possibility of some tetragonal domains and similarly, across the 
transition, a coexistence of cubic and tetragonal phases is seen. This is particularly 
noticeable at 400°C and is illustrated in Figure 6.24. The peaks selected for the unit cell 
calculation from the 400°C data were chosen based upon comparison to other tetragonal 
and cubic patterns to establish which peaks belonged to which phase. Once peaks were 
selected, fitting of the cells using Unitcell.exe was carried out to remove incorrectly 
assigned peaks. Figure 6.23 shows the expansion in cell that occurred through this 
experiment.
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Figure 6.22 Selected high temperature XRD patterns for LivLasSmOn in air, measured on heating
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Figure 6.23 Cell v  lume expansion with tem perature in LiyLasSmOn, measured on heating
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Figure 6.24 Part o f the 400°C data for LioLa^SmOi? illustrating the presence o f two phases, a cubic and a 
tetragonal garnet with some identified peaks marked
A second high tem perature XRD experim ent was perform ed bu t this time the X RD  
patterns were collected on cooling from 800°C to room  tem perature. T he initial pattern 
showed the sample was tetragonal at the beginning o f  the experiment. Figure 6.25 shows 
selected patterns obtained from this experim ent indicating a change from  tetragonal to 
cubic between 750°C and 800°C. The patterns obtained indicated the sample has returned 
to the tetragonal system w ithout passing through a lower tem perature cubic system as was 
observed in the previous experiment. Figure 6.24 shows the increase in cell param eters w ith 
temperature.
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Figure 6.25 Selected high tem perature X RD  patterns for LivLasSmOn in air, measured on cooling
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Figure 6.26 Cell volume change with tem perature for Li-La^SmOi:, measured on cooling
The com bination o f these two high tem perature experiments indicates that there may be 
two potential mechanisms governing the phase changes observed. The first is the effect o f  
high tem perature causing increased disorder in the structure and resulting in a tetragonal- 
cubic phase transition at 750 - 800°C. The second effect is responsible for the changes at 
lower tem peratures observed in the first experiment. This may be related to water 
incorporation into the structure, w ith a L i / H '  exchange m echanism  causing 
L i0 H /L i2C 0 3 to form  on the surface o f  the particles and increasing the disorder within the 
structure. The observation o f  this effect in one experim ent and no t the o ther is significant. 
In the first experim ent, the sample is likely to have contained water; whereas in the second
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experiment, the w ater has been driven o ff prior to the m easurem ents taking place, and was 
not recovered during cooling.
Therm ogravim etric analysis was used to attem pt to establish the w ater content o f  the 
Li7La3Sn20 )2 phase (Figure 6.27). This showed two significant weight losses, the first 
equivalent to 0.76 H 20  per formula unit, the second a significant loss from  around 680°C 
until the end o f  the measurement. The loss occurring between 150 - 350°C is likely to be 
water loss from  the structure and potentially, some m ovem ent o f Li from  surface species to 
garnet sites. The loss around 680°C is consistent with loss o f  CCh from  Li2C 0 3 and has 
been observed in many other therm al analysis experiments on these materials no t discussed 
here. In addition to the weight losses discussed, there are two significant features in the 
heat flow m easurem ent, corresponding to 707°C, which is likely to be the Li2C 0 3 melting, 
and at 789°C which is in the tem peram re region associated w ith the tetragonal to cubic 
phase transition.
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Figure 6.27 Thermal analysis data for TTLaaSniOiz in air. Troughs in the heat flow m easurem ent represent 
an endothermie process and peaks indicate an exothermic process.
In order to see w hether the high tem perature cubic structure could be stabilised to room  
tem perature, samples o f  Li7La3Sn2O l2 were quenched from high tem peratures. Q uenching 
from 1000°C in air did not result in a cubic sample, however, and neither did quenching 
from 1100°C. The X RD pattern for the sample quenched from  1000°C is show n in Figure 
6.28 indicating a tetragonal system.
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Figure 6.28 XRD pattern for LiyLasS^On after quenching from 1000°C
6.7 Fluotination o f the Sn based garnet system
Fluorination experiments were also investigated, in order to determine the effect of 
fluorine incorporation on the very high Li content garnet systems. Fluorination was 
achieved by adding molar equivalents of PVDF24, poly(-vinyldene difluoride), and heating 
in air overnight between 300°C and 400°C. The composition formed is possibly 
Li7.xLa3Sn20 12„x/2 + xLiF as Li is drawn out of the structure to form LiF on the surface of 
the particles although this mechanism has not been conclusively proven.
Initially, 2 molar equivalents of PVDF (based on the monomer, CF^OL) were added. This 
was mixed intimately with the garnet phase and heated at 350°C overnight in air. The 
XRD pattern. Figure 6.29, showed that the resulting garnet phase was cubic (12.9554(5) Â 
volume = 2174.4 Â3). This is thought to be due to increasing disorder resulting from the 
Li removal. This phase was then heated at 600°C to establish whether the new phase was 
stable. It was observed that the sample returned to a tetragonal system, indicating the 
fluorine has been lost from the liF  and the Li returned to the original sites. Owing to this 
fluorine loss at higher temperatures, it was not possible to perform conductivity 
measurements on the fluorinated sample, as high temperatures are required for sintering 
pellets and adhering the electrical contacts effectively.
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Figure 6.29 XRD pattern for fluorinated LivLagSn^O^
In addition to “incorporating” 2F, a sample with 5 mole equivalents PVDF was synthesised 
and also showed a cubic garnet phase (12.9701(5) A).
In order to allow conductivity measurements, it was attempted to fluorinate a sintered 
piece of 7Li7La3Sn20 12 pellet. This was done by placing the pellet in a hydrothermal bomb 
with an amount of CuF2 (to act as an F source), which was then heated at 230°C for 48 
hours. This sample unexpectedly decomposed into LiF, La20 3 and La2Sn20 7. This was 
thought to be the result of complete removal of Li which adds weight to the idea that l i  
removal is favourable in these garnet materials to form LiF on the surface.
Solid State NMR measurements were performed on the fluorinated Sn based sample. Data 
for three nuclei were collected in this study: 119Sn, 7I i  and 19F. The 7I i  and 119Sn spectra 
were obtained using a Varian VNMRS Spectrometer (400 MHz for 1H) and 19F on a Varian 
Unity Inova Spectrometer (300 MHz for 1H). Direct polarisation experiments were carried 
out for all the nuclei, with 1M liC l as the 7I i  reference, Sn(CH3)4 for 119Sn and CFC13 for 
19F.
The 119Sn spectrum (Figure 6.30) shows an intense line at -600 ppm, and a lower intensity 
one at -445 ppm which is consistent with the 119Sn NMR of the non-fluorinated phase 
(Section 6.5). The lower intensity peak is broader suggesting a more disordered site. This 
broadening of the signals is far more evident for the fluorinated sample than in the non- 
fluorinated sample, suggesting a higher level of disorder in the fluorinated phase. There is 
potentially another broad signal between -550 ppm and -600 ppm which gives rise to a 
spinning sideband at -510 ppm but there are no other sidebands associated with the other
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peaks. This experiment indicates that the environments around the Sn site are intact after 
fluorination although the material is more disordered which was to be expected.
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Figure 6.30 m Sn NMR spectra for fluorinated 7Ii7La3Sn20i2
The 7I i  NMR spectra for the fluorinated phase was similar to the non-fluorinated sample. 
There was one signal which is slightly shifted between the fluorinated and unfluorinated 
samples. This single signal is representative of all the Li sites, as has already been discussed 
in the related cubic phases (Chapter 5); the chemical shift for 7Li is very small, meaning the 
signals from the sites overlap.
1.227
Figure 6.31 7Li NMR data for fluorinated T h L asS^ O u
The 19F spectrum, shows one signal at -204 ppm with spinning sidebands and a lower 
intensity peak at -111 ppm. This pattern is representative of LiF (the more intense 
signal)25, and potentially some F in a crystallographic site (the less intense signal). This adds 
weight to the idea that adding F removes Li from the structure to form LiF on the surface.
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Figure 6.32 19F NM R data for fluorinated ''LiyLa^SnzOn
6.7.1 D iscussion
High tem perature X RD experiments showed two phase changes on heating these garnet 
systems. The first occurred at relatively low tem peratures and was only observed w hen 
m easuring during heating. This quick change to the cubic system between 200 - 300°C 
indicates that potentially water loss is involved in this step. It is m ost likely, that the sample 
has some degree o f  L i/H  exchange prior to the X RD  experiments w hich lowers the 
tetragonal to cubic transition tem perature as a result o f  the lowered Li content. W hen the 
water is lost through heating, the Li is reinserted and the sample returns to  the tetragonal 
phase. The higher tem perature phase transition is m ost likely due to the m ore traditional 
increase in disorder due to increased temperature. In both  X R D  experim ents, this was 
observed between 700 - 800°C. All the phase changes observed were found to be entirely 
reversible. The extent o f  the low tem perature phase changes observed depends on the 
nature o f the sample at the start o f  the experiment. D uring the m easurem ent w here the 
sample was heated and m easured at the same time, the m easurem ents started while the 
sample still contained some water, so low tem perature phase changes were observed. 
D uring the experim ent where the sample was heated prior to m easurem ent beginning, no 
low tem perature phase transitions were observed, indicating that w ater had been driven 
from the sample and had not sufficient time to return.
High tem perature quenching in air did no t “ freeze in” the high tem perature cubic structure
that would have resulted in a high conductivity sample. Therm al analysis o f  a sample o f
Li7La3Sn20 12 potentially indicated a significant H 20  content o f  0.76 H 20  per formula unit
although further work is required to confirm  how  m uch o f  this is actual lattice water.
However, as it has been seen in the related Sb systems (Chapter 4), the w ater incorporation
o f  these materials under am bient conditions, while relatively quick and easy, is variable
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depending on the particular conditions and so variable humidity studies would be of 
interest to investigate water uptake by these materials in more detail.
Fluorination of the Li7La3Sn20 12 composition was also attempted. While the process 
resulted in the formation of a cubic garnet, it is likely that it cannot be considered true 
fluorination, as it is thought that the results observed were as the result of Li removal and 
not F insertion. This produced a cubic phase, thought to be Li7„xLa3Sn20 12„x/2 + xLiF. 
Alternatively, it could have undergone a small amount of fluorination to produce 
Li7.xLa3Sn20 12.xFx + xLiF + xH20 . Attempts to fluorinate part of a pellet using CuF2 
resulted in the complete decomposition of the sample, thought to be as a result of 
complete Li removal as LiF which agrees with the proposed fluorination model above. 
The removal of a small amount of Li to produce a cubic material may result in a high 
conductivity material but heating at the elevated temperatures required to attach suitable 
electrodes to the sample, results in the re-insertion of Li and the decomposition of LiF. 
Therefore, further work is required to elucidate the effect o f this Li removal on the 
conductivity.
Solid state NMR of the “fluorinated” phase indicated an increase in disorder in comparison 
to the un-fluorinated sample measured in Section 6.5 for the 119Sn NMR data. Considering 
that the “fluorinated” phase is cubic, this is to be expected. The 7I i  NMR showed a single 
peak consistent with the un-fluorinated phase. This is due to the chemical shift range for 
7Li being too small to resolve the different sites. 19F NMR data contained two signals and 
some spinning side bands. The larger of the two signals was thought to be LiF as this has 
previously been reported to form on the surface of layered oxide materials25 and the smaller 
indicates a second F environment, possibly the location of some of the F within the garnet 
structure (potentially through the formation of Li7„xLa3Sn20 12„xF J . Additional structural 
studies are required to fully understand the processes involved in reactions of these garnets 
with PVDF.
6.8 Synthesis ofZr based garnets
In addition to Sn doping on the Sb site, Zr doping was also attempted, forming 
Li7La3Zr20 12. Cubic Li7La3Zr20 12 has already been reported18 and this study was conducted 
to compare this phase to the Sn doped materials and establish whether this system also 
becomes tetragonal under specific conditions.
199
Initially, a short series of two samples, Li5+xLa3Nb2„xZrx0 12 (x = 1, 2), was synthesised. The 
x = 1 member was cubic (12.8248(5) Â) and showed significant Li2Z r0 3 and La20 3 
impurities (Figure 6.33). Significant peak broadening was also evident, which could 
indicate the beginning of a change from cubic to tetragonal.
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Figure 6.33 XRD pattern for Li&LasNbZrOiz with LiaZrOs in black and LaaOa in red
Figure 6.34 shows the XRD pattern of the x=2 member I i 7La3Zr20 12. Unlike the 
published literature18, this sample is shown to be tetragonal (a = 13.1242(8) A , c = 
12.675(1) A ), as was observed in the Sn system. As for the related Sn based systems, phase 
changes from tetragonal to cubic were also observed on heating and are discussed below.
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Figure 6.34 XRD pattern o f  LivLasZraOia
6.9 Phase changes in the Zr based system
As for the Sn based system, Li7La3Zr20 12 was investigated to determine whether a phase 
change could be observed from a tetragonal to a cubic system. High temperature XRD 
experiments were carried out on a sample of Li7La3Zr20 12 where XRD patterns were 
recorded on increasing temperature, and again once the sample had cooled to ambient 
temperature. The tetragonal sample was found to undergo the change to a cubic phase
2 0 0
between 100 - 200°C. This was slightly lower than the indal tetragonal — cubic phase 
transition (200 - 300°C) observed for the Li7La3Sn20 12 phase. Additionally, Li7La3Zr20 12 
remained cubic from this temperature until the highest measured temperature, whereas the 
Sn based sample became tetragonal again at intermediate temperatures. Upon cooling, the 
phase remained partially cubic, with peak features indicating that both cubic and tetragonal 
crystal systems were present, possibly in separate domains. The cell parameter increased as 
expected with temperature (Table 6.8). Figure 6.35 shows selected patterns for 
I i 7La3Zr20 12 during the high temperature experiment.
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Figure 6.35 Selected high temperature XRD patterns for LiyLasZ^O^ measured on heating and cooling
T able 6.8 Cell parameter changes with temperature for LiyLasZraOia measured on heating
Temperature °C Structure Cell Volume (À3) Cell parameter (A)
25 Cubic/Tetragonal mixed 2263.7(4) 13.1303(8)
100 Cubic 2204.1(3) 13.0139(5)
200 Cubic 2231.8(3) 13.0683(5)
300 Cubic 2224.3(3) 13.0536(5)
400 Cubic 2228.3(3) 13.0614(4)
500 Cubic 2238.4(4) 13.0811(5)
600 Cubic 2248.7(3) 13.1012(5)
700 Cubic 2257.5(3) 13.1183(5)
800 Cubic 2276.2(3) 13.1543(5)
900 Cubic 2282.3(3) 13.1660(5)
200°C
800°C
. . . . ^ j»..'
25°C c o o lin g
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The high temperature XRD experiment was then repeated, measuring patterns on cooling 
from 800°C to monitor the reversion of the cubic phase back to a tetragonal cell. This 
showed interesting features, as the sample, starting as predominantly tetragonal at the 
beginning of the experiment, was found to become cubic and remain so through 
throughout although peak broadening was observed, suggesting some tetragonal character 
on cooling to room temperature and also at 500°C. In comparison to the same experiment 
on the Sn based system which remained tetragonal throughout with the exception of the 
highest temperature measurement, this suggests the Zr system is more susceptible to the 
effects of water. Figure 6.36 shows selected XRD patterns from this experiment with the 
changes in the cell parameters shown in Table 6.9.
J l _ * ____ AUi/LM___
800°
1 »...........J _ L ..i l - j ..____ i  l -. l i J U --—A—.——i—X——.
500°C - I I I  I
_ !_ j ______ L l L  __ 1....... J j ___ i i —i l
| 25°C cooling
29°
Figure 6.36 Selected high temperature XRD patterns for LiyLasZraOia measured on cooling 
Table 6.9 Cell parameter changes with temperature for LiyLasZroO^ measured on cooling
Temperature
°C
Structure Cell Volume
(A")
Cell parameter (A)
a c
25 (initial) Tetragonal 2186.5(3) 13.1273(10) 12.690(3)
100 Cubic 2224.4(3) 13.0535(6) /
200 Cubic 2231.2(3) 13.0672(2) /
300 Cubic 2216.5(3) 13.0384(5) /
400 Cubic 2226.0(3) 13.0569(5) /
500 Cubic 2235.4(3) 13.0753(5) /
600 Cubic 2245.7(3) 13.0953(5) /
700 Cubic 2256.6(3) 13.1164(5) /
800 Cubic 2268.8(3) 13.1401(5) /
25 (final) Cubic 2263.7(4) 13.1303(8) /
2 0 2
The behaviour of this sample in these two high temperature XRD experiments, suggests 
that two phase change mechanisms are at work. The first involves high temperature 
induced disorder of the system, as was observed for Li7La3Sn20 12. This comes into effect 
between 600 - 800°C which is at a lower temperature than the Sn system which undergoes 
the phase change at 750 - 800°C. The second mechanism is a water incorporation 
mechanism which introduces disorder in the Li site through L i/H  exchange, forming 
L i0H /L i2C 0 3 on the surface of the particles. This causes the sample to remain cubic 
below 300°C and remain predominantly so at room temperature. It is thought that these 
water related mechanisms could also contribute to the unusual expansion and contraction 
of the cell volume during heating potentially through the formation of tetragonal domains 
with a differing volume, making the calculated volume appear to change unexpectedly. 
These mechanisms are very complex and require further non-ambient temperature neutron 
diffraction studies to fully understand the processes occurring and determine the 
significance of the differences between the two experiments.
In an attempt to freeze in the high temperature cubic structure, quenching studies were 
carried out. This was also related to the high temperature synthesis conditions reported in 
the literature for cubic Li7La3Zr20 1218. For this experiment, a pellet portion of Li7La3Zr20 12 
was heated in a lidded crucible for a short time (typically 30 minutes) before quenching to 
room temperature by rapid removal from the furnace and placement of the sample into a 
clean room temperature crucible. In each of these experiments, a tetragonal sample was 
used and the aim was to effect a tetragonal to cubic phase transition. The results of the 
thermal studies in air are shown in Table 6.10 and showed that contrary to expectation, 
quenching from 400°C resulted in a cubic phase while higher temperature quenching led to 
a tetragonal phase. Given the high temperature XRD studies already discussed it is likely 
that this is the result of water incorporation at 400°C in air introducing disorder into the 
system through an exchange mechanism.
T able 6.10 Structural changes occurring on quenching for LiyLasZraO^
Condition Effect
Quench from 400°C Cubic
Quench from 700°C Tetragonal
Quench from 1000°C Tetragonal
Quench from 1100°C Tetragonal garnet with La2Zr20 7 and La20 3
Quench from 1200°C Decomposed to La2Zr20 7 and La20 3
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Heating the sample to very high temperatures (1100 - 1200°C), caused significant 
impurities culminating in decomposition of the sample as a result o f major l i  loss which 
occurred despite pressing the sample as a pellet and heating with a lidded crucible. This is 
interesting as the reported synthesis conditions18, with synthesis taking place at 1125°C and 
36 hours sintering at 1230°C in air, were close to those tested here suggesting that the 
reasons behind the differences between the sample tested during this work and the 
literature reported phase require further investigation.
In addition to the thermal treatment in air, the effect of humidity was qualitatively assessed 
by heating the sample in dry and wet conditions. In both cases, the samples were heated to 
600°C in the required atmosphere and then cooled to room temperature at 1°C per minute. 
Slow cooling in dry 0 2 resulted in the sample remaining tetragonal (a = 13.1662(8) A  c = 
12.733(1) Â  volume = 2207.2(3) A 3) (Figure 6.37), and slow cooling in wet 0 2 resulted in a 
cubic cell (a = 13.0994(5) A  volume = 2247.8(3) A 3) with some peak broadening (Figure 
6.38). The sample similarly annealed in air also produced a cubic phase (a = 12.9980(5) A , 
volume = 2196.0(3) A 3) but in this experiment, the resulting cubic peaks are sharper 
(Figure 6.39) suggesting that the transition is more complete. This indicates that the 
transition at low temperatures is driven by water incorporation, potentially resulting in a 
L i/H  exchange mechanism forming LiOH/I^CO^ on the surface of the particles but the 
improvement observed between the wet 0 2 and air conditions, implies that C 0 2 may also 
be important for the completion of the structural change.
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Figure 6.37 XRD for LiyLajZrzOn cooled in dry O2
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Figure 6.39 X R D  p a tte rn  fo r L ivLaoZriO n annealed  in air at 400°C
6.10 C onductivity studies o f  the Z r based  system
The published conductivity o f  cubic Li7La3Z r20 12, was very high (a 25oC» 5 x l0 ‘4 Scm"1)18. 
However, as was seen for Li7La3Sn20 12 (Section 6.4) the conductivity o f  this sample, which 
was tetragonal, was very low, consistent with the neutron diffraction data which showed a 
highly ordered system. In order to rationalise these differences, the conductivity o f  the 
Li7La3Z r20 12 sample was m easured under a variety o f conditions.
Figure 6.40 and Table 6.11 show the conductivity plot for Li7La3Z r20 12 m easured in air. 
The conductivity o f  the quenched sample, and annealed sample was m easured sequentially 
as previously described. The data show significant variation with thermal history w ith three 
distinct regions with different activation energies observed during the quenched 
m easurem ent. Previously, changes in activation energy have been attributed to Li defect 
clustering at low temperatures. In this sample there is also a small change in activation 
energy observed in the intermediate tem perature region o f  the annealed m easurem ent. It is
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likely, that the cause o f the activation energy changes is linked to the phase changes 
observed during high tem perature X RD studies. The conductivity is m uch lower than the 
literature data, consistent with Li ordering processes having occurred in the sample 
prepared here.
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Figure 6.40 Conductivity data for LijLa^Zr^On in air 
Table 6.11 Conductivity values for LiyLa.^ZoOi? in air
Therm al <y 200°C E a (eV) low E a (eV) E a (eV) high
History (S cm-1) temperature interm ediate tem perature
region tem perature
region
region
Quenched 0.00038 0.35 0.91 0.31
Annealed 8.945x10" 0.72 0.50
The same sample o f  Li7La3Z r20 12 was then m easured again in air. In  this experim ent, the 
conductivity was measured o f  the quenched sample initially. The annealed sample 
conductivity was then measured, followed immediately by a heating m easurem ent and 
finally, a cooling measurement. This experim ent was designed to both  repeat the original 
quenched and annealed runs to establish w hether the unusual activation energy changes 
were reproducible. It was found that the activation energy change observed in the initial 
m easurem ent was reproducible and this m easurem ent also shows a smaller change in 
activation energy at high temperatures during the annealed measurem ent.
The heating and cooling m easurem ents also showed some thermal history effects as the 
heating m easurem ent showed a lower conductivity than the cooling run. In  addition, both  
these m easurem ents display a change in activation energy at high tem peratures as has been
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previously observed. Figure 6.41 shows the conductivity data for the quenched and 
annealed m easurem ent, and Figure 6.42, the data for the subsequent heating and cooling 
m easurem ents. Table 6.12 contains conductivity values for all four measurem ents.
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Figure 6.41 Q uenched and annealed conductivity data for LivLasZoOia in air (repeat)
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Figure 6.42 Conductivity data for LivLa^ZoO,? on heating and cooling in air measured directly after the
measurem ent in Figure 6.41
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T able 6.12 Conductivity values for LivLasZraOia in air for sample first measured under quenched and 
annealed conditions and then directly measured again on heating and cooling.
Thermal
History
(?200°C
(S cm-1)
Ea (eV) low 
temperature 
region
E ,(eV )
intermediate
temperature
region
Ea (eV) high 
temperature 
region
Quenched 0.00041 0.64 0.33 0.79
Annealed 4.75x10"5 0.75 / 0.69
2nd Heating 7.47x10"5 1.01 / 0.20
2nd Cooling 0.00294 0.12 / 0.74
The sample was also measured in dry 0 2 under two thermal history conditions. The first 
condition was annealing the sample in air prior to measuring the conductivity in dry 0 2 on 
heating and cooling. This experiment showed no significant difference between the 
heating and cooling measurements.
However, annealing in air has previously been shown to cause a tetragonal to cubic phase 
transition so as a result o f the prior annealing, the sample in this experiment should have 
been cubic at the start of the experiment. Therefore, during this measurement, the sample 
was expected to undergo a change to the tetragonal system as a result of being cooled in 
dry 0 2. The sample cannot however, directly be measured for both conductivity and XRD 
at the same time. The assumptions made about the phase of the conductivity sample 
during the conductivity measurement are based on observations on powder samples of the 
same composition. It is not known how the sintered nature of the conductivity sample will 
affect the assumed phase changes and may account for the lack of the obvious change in 
conductivity anticipated as a result of the cubic to tetragonal change. Figure 6.43 shows 
the conductivity data for Li7La3Zr20 12 in dry 0 2 after annealing in air at 400°C for several 
hours, the values from this measurement are shown in Table 6.13.
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Figure 6.43 Conductivity data for LivLasZrzOn annealed in air and measured in dry Cti
The second experim ent in dry 0 2 was carried out by heating the sample in the dry 
conditions in the m easurem ent furnace to 600°C and slow cooling at 1°C per m inute to 
room  tem perature before measuring the conductivity on heating and cooling. The data can 
be seen in Figure 6.44 and Table 6.13. There was minimal difference between the heating 
and cooling m easurem ents and no observed change in activation energy at elevated 
temperatures. The conductivity under these conditions was very low, consistent w ith a 
cation ordered, tetragonal system.
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Figure 6.44 Conductivity data for IT L a jZ riO u  slow cooled and measured in dry ( h
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Table 6.13 Conductivity values for LivLaiZr-Ou annealed in air and measured in dty O2
Condition Therm al
G 200°C
E a (eV) low E a (eV) high
History (S cm"1) tem perature tem perature
region region
Air annealed Q uenched 1.32x10" 0.78 0.78
Air annealed Annealed 1.05x10'5 0.69 1 .2 2
D ry cooled Q uenched 2 0 0 7.67x10-" 0.73
Dry cooled Annealed 2 0 0 8.28x10" 0.73
The conductivity o f Li7La3Z r20 12 was also m easured in w et conditions (N2/ D 20  and 
0 2/ H 20 ) ;  in bo th  cases the pellet was heated to 600°C in the furnace under wet 
conditions, before slow cooling to room  tem perature at 1°C per minute. Figure 6.45 shows 
the conductivity plot for Li7La3Z r20 12 in 0 2/H 20  with selected values in Table 6.14. This 
m easurem ent shows no thermal history effects or evidence o f  a change in activation energy 
at high tem peratures which is unusual for these materials. The conductivity is very low, 
consistent with previous measurem ents o f  this com position. Figure 6.46 shows the plot 
for the m easurem ent in N 2/ D 20  with values in Table 6.14. In  the D 20  m easurem ent, there 
appears to be no thermal history effects bu t there is evidence o f  a change in activation 
energy occurring, resulting in three distinct regions in bo th  the heating and cooling 
m easurem ent. This experiment also shows a very low conductivity but it is marginally 
higher than the conductivity in N 2/ H 20 .  The fact that the conductivity in N 2/ D 20  is 
higher than that in N 2/ H 20  indicates that p ro ton  conduction is no t occurring. Therefore, 
the changes are m ost likely related to small changes in the Li distribution in the sample or
grain boundary effects.
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Figure 6.45 Conductivity data for LivLa.iZnOu slow cooled and measured in O 2 / H 2O
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Figure 6.46 Conductivity data for LiiLasZroOi: slow cooled and measured in N 2/D 2O  
T able 6.14 Conductivity values for LiyLa^Z^On slow cooled and m easured in O2/H2O
Condition Therm al
History
02OO°C
(S cm-1)
E a (eV) low 
tem perature 
region
E , (eV) 
interm ediate 
tem perature 
region
E a (eV) high 
tem perature 
region
0 2/ H 20 Q uenched 1.09x10" 0.82 0.82 0.82
0 2/ H 20 Annealed 1.17x10" 0.78 0.78 0.78
0 2/ D 20 Q uenched 2.98x10" 0.75 0.60 0.98 |
0 2/ D 20 Annealed 5.07x10" 0.75 0.53 0.97
6.10.1 Discussion
Following the publication o f the synthesis and conductivity o f  the very high Li content 
cubic Li7La3Z r20 12 com position18, w ork was carried out on this phase to establish how  this 
published phase differed from the Sn doped material already discussed.
The synthesis o f the Z r doped com positions Li5+xLa3N b 2„xZ rx0 12 (x = 1 ,2 ) was successful, 
however the x = 1 com position was found not to be phase pure and showed a cubic garnet 
phase with peak broadening that could be attributed to som e tetragonal domains. 
Unexpectedly, given the prior literature, the x = 2 end m em ber was found to be tetragonal 
rather than cubic.
Investigations into possible phase changes with increasing tem perature were carried ou t in 
an effort to understand the observations o f both cubic18 and tetragonal (this study) phases.
2 1 1
High temperature XRD showed results similar to those seen in the Li7La3Sn20 12 system. 
The XRD patterns measured during heating, showed one phase transition occurring at low 
temperatures (100 - 200°C). The XRD patterns measured during cooling were found to 
differ from the Sn system however; the sample passed from a tetragonal system initially, to 
a cubic system for the duration of the experiment, although some peak broadening at 
500°C and on cooling to room temperature indicates the potential presence of tetragonal 
domains. The Sn system was found to be tetragonal throughout this experiment below 
700°C. These XRD experiments implied the two separate phase change processes thought 
to be observed for the Sn system may overlap in this Zr based system. The first 
mechanism occurs at low temperatures and is likely to be the result of water incorporation 
causing Li removal through Li/H  exchange forming Li2C 0 3 or LiOH on the surface, while 
the second phase change is disorder introduced by high temperatures. Controlled humidity 
experiments would be required to continue this investigation. At one point during the high 
temperature XRD experiments, the sample appears to undergo negative thermal expansion 
which is thought to be an artefact caused by interaction of the sample with atmospheric 
water and a change in the number of tetragonal domains present.
Quenching studies also showed some unexpected results with the sample becoming cubic 
after quenching from 400°C and remaining tetragonal when quenching from higher 
temperatures (700 - 1000°C). This was contrary to what was expected given the published 
synthesis conditions of the cubic Li7La3Zr20 12 sample, which culminated in a long 
>1200°C sintering step. It was found that despite the sample being pressed as a pellet, 
with additional I i 2C 0 3 added during synthesis to counter Li loss at high temperatures, and 
being heated in a crucible with a lid, the sample started to decompose through loss of l i  
after just a short time at 1100°C, and completely decomposed at 1200°C. Further 
experimental work is required to establish why a cubic Li7La3Zr20 12 phase was obtained in 
the first literature report, as in this work, the synthesis of such a highly conducting phase 
has proved un-achievable.
Slow cooling the sample in dry 0 2 resulted in the sample remaining tetragonal, indicating 
the tetragonal phase occurs in the absence of both water and C 0 2. Slow cooling in wet 0 2 
however, resulted in a cubic material, indicating that water is instrumental to the cubic- 
tetragonal phase transition at low temperatures. This was confirmed by the cubic nature of 
the sample annealed in air, which had exposure to both moisture and C 0 2. Additionally, 
the volume of the tetragonal, dry O, cooled sample was higher than that of the air annealed 
sample was (2207.2 Â vs. 2196.0 À) suggesting that instead of water entering the sample
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and expanding the cell, it is causing Li to be lost from the cell and potentially be replaced 
by H +, effecting a small contraction.
It should be noted, however, that the wet 0 2 cooled sample had a larger cell volume of 
2247.8 Â3 in comparison to the dry cooled sample. In addition, this phase also displayed 
some peak broadening which may indicate, that the very high humidity conditions results in 
removal of Li, and the cubic phase occurring. As peak broadening worsens, the reliability 
of the cell parameters obtained from XRD and using Unitcell.exe is reduced which should 
be taken into account when considering these results. These phase transition studies have, 
however, shown very clearly, that water is very important in the phase changes that occur 
in these very high Li content materials.
Conductivity measurements for Li7La3Zr20 12 pose an interesting problem as phase changes 
have been shown to readily occur which are likely to have a significant effect on the 
conductivity. However, it is not currently possible to measure conductivity and carry out 
XRD simultaneously. Therefore, assumptions about the actual phase being measured must 
be made based on the conductivity and the previous phase change studies carried out. 
Since the XRD data were collected for a powdered sample, and conductivity data were 
collected using sintered pellets (with consequently lower surface area), it is possible that 
there might be differences as water incorporation is likely to be less rapid in the pellet 
sample.
Thermal history effects are evident in measurements made in air, where the sample was 
quenched prior to measurement. Initial measurements in air showed interesting features in 
the data for the quenched sample measurements. The conductivity of the quenched 
sample measured in air was comparable to related Li5Ln3Sb20 12 (Ln = La, Nd) phases, 
suggesting that the Li7La3Zr20 12 sample may be dominated by cubic domains at the time of 
measurement which implies a high conductivity.
Annealing the Li7La3Zr20 12 sample in air was expected to produce a cubic and therefore 
highly conducting sample. However, a low conductivity was observed, suggesting that the 
annealing time was not sufficient to bring about the tetragonal-cubic phase change and 
therefore increase the conductivity. This could potentially be due to the sintered nature of 
the sample, and/or the presence of gold paste on two faces of the pellet, further blocking 
access to humidity.
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Annealing in air prior to measuring the conductivity in air produced a sample with very low 
conductivity consistent with a tetragonal phase. Where previously these conditions were 
found to produce a cubic sample, this again illustrates the difficulty in bringing about phase 
changes in sintered pellets as the sintering and gold pasting processes limit the amount of 
Li/H  exchange that can take place. This happened again when the sample was annealed in 
air prior to being measured in dry 0 2 where significant differences between the heating and 
cooling measurements were expected but not observed.
Samples slow cooled in the measurement atmosphere prior to the conductivity run showed 
no significant difference between the heating and cooling measurements which is expected 
in a phase that is not undergoing any phase transitions during the measurement. The 
lowest conductivity was obtained for Li7La3Zr20 12 slow cooled and measured in dry 0 2 
which is consistent with a tetragonal phase. Like Li7La3Sn20 12, Li7La3Zr20 12 did not show 
any proton conduction when tested in wet conditions
Conductivity studies, in combination with high temperature XRD experiments have shown 
Li7La3Zr20 12 (like Li7La3Sn20 12) to be both complex. Phase changes occur quickly and in 
response to small changes in conditions, making this phase very interesting. Additional 
conductivity and structural studies {e.g. neutron diffraction) under controlled humidity 
conditions would be required to complete the study started here.
6.11 Conclusions
The synthesis of both Sn and Zr doped garnets Li5+xLn3Mv2 JVlIvxO 12 (Ln = Nd, La; Mv = 
Nb, Sb; MIV = Sn, Zr) was achieved, producing very high Li content garnet material. 
Previous literature studies have reported the Li7La3Zr20 12 phase as cubic with a very high 
conductivity. Replication of the high temperature synthesis route used in this study was 
unsuccessful but a lower temperature synthesis route produced phase pure samples of both 
Li7La3Zr20 12 and Li7La3Sn20 12 which were both shown to be tetragonal, which is unusual 
in the garnet family of materials.
Structural studies into 7Li7La3Sn20 12 indicated that long range cation ordering has occurred 
with Li in three different sites, one tetrahedral and two distorted “octahedral” sites. This 
model showed none of the short Li-Li distances previously reported in the cubic materials, 
but the more ordered structure also displayed very low conductivity for both the Sn and Zr 
systems.
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Conductivity studies showed that all the materials studied were Li ion conductors. The 
conductivities were investigated under a variety of conditions and it was shown that under 
dry conditions, the tetragonal structure dominates, while under wet conditions, the cubic 
structure is more prominent. Samples were found to undergo thermal history effects 
during conductivity measurements which are thought to be related to the interaction of 
water with the material and L i/H  exchange. This is also thought to be linked to the cubic- 
tetragonal phase change mechanism observed during high temperature XRD experiments 
whereby L i/H  exchange draws Li out from the structure to form L i0H /L i2C 0 3 on the 
surface.
Changes in activation energy were also observed during conductivity measurements 
consistent with other garnet materials and thought to be related to l i  rearrangement and 
defects within the structure.
The study into these unusual tetragonal materials has shown the garnet structure to be 
highly flexible and easily influenced by external conditions. Further structural studies are 
required to better understand the relationships between structure, temperature and 
atmosphere, including the role of C 0 2 in phase changes.
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7.1 Summary
A range of lithium containing garnet materials has been successfully prepared and 
characterised using a variety of techniques. The work was carried out in order to gain 
further understanding of the fast lithium ion conducting garnet related family of materials 
with a view to optimising them for use as solid state lithium battery electrolytes.
The phases presented in this thesis were synthesised using standard solid state synthesis 
methods with an excess of Li to counter Li volatility at the synthesis temperatures. 
Samples were also pressed as pellets during the final stages of synthesis to further preserve 
the Li content and assist with sintering. Characterisation techniques included X-ray 
diffraction, neutron diffraction, solid state NMR, AC impedance spectroscopy and thermal 
analysis.
During the progress of the work presented in this thesis, both anticipated and unexpected 
results have been observed. Some of these results answered questions being asked about 
the systems, others asked more new questions than they answered. The project as a whole 
has many elements which could be extended with further work and has to date produced 
five publications, included in the Appendix, a contributed talk and multiple poster 
presentations. The materials studied during this project and the results obtained are 
detailed here.
7.2 Antimony containing garnets
A variety of antimony based garnet materials were successfully synthesised initially based 
around the Ln series Li5Ln3Sb20 12 (Ln = La, Pr, Nd, Sm, Eu) to determine the effect Ln 
size has on the structural and conductivity. It was found that Eu was the smallest 
lanthanide that could be accommodated and also showed one of the lowest conductivities, 
with the highest room temperature conductivity observed for the largest Ln sample 
Li5La3Sb20 12. In general, the quenched conductivity increased with cell size, which 
increased with Ln3+ radius. However, conductivities are notoriously difficult to compare 
due to the changes that occur in the sample as a result of the measurement (Chapter 2). 
Large homogenous samples and many repeated measurements under identical conditions 
would be required to confirm this trend but until the interactions of the phases with their 
environment are understood this is not easily achieved. These preliminary results imply 
that the more space within a cell there is, the better the conductivity, potentially suggesting 
that interstitial sites may be involved in the mechanism.
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Neutron diffraction on the Ln = La, Nd phases showed a cubic structure with the space 
group Ia-3d as previously reported for the related Nb system. Li was found to reside in 
two sites, as for the Nb systems, with one the ideal tetrahedral garnet site, and the second a 
distorted octahedral site that is closer to 4 coordinate geometrically. A second garnet phase 
was also identified from peak shoulders in the neutron diffraction data which was 
attributed to non-stoichiometry within the sample.
A series of non-stoichiometric phases were synthesised to establish the level of non­
stoichiometry acceptable in these materials and help identify the second phase in the 
neutron diffraction data. The series Li5+3xNd3„xSb20 12 x = 0.1 0.15 0.2 0.3 was successfully 
synthesised and Ln deficiency of this type was found to be the most favourable non­
stoichiometry. The non-stoichiometry had little effect on the conductivity consistent with 
the Nb systems discussed later.
Cubic to tetragonal phase transitions were observed in several samples of the Li5Ln3Sb20 12 
series on storage. This is thought to be the result of water action on the material, causing 
Li/H  exchange and has also been observed in the Sn and Zr based materials discussed 
later. Thermal history effects on conductivity measurements were also observed and are 
thought to be related to the action of water on the structure.
Aliovalent doping was successfully carried out to produce the series Li6ALa2Sb20 12 A = Ca, 
Sr. Both samples showed high conductivity comparable with the related doped 
Li6ALa2Nb20 12 phases. There is little difference in activation energy at 200°C between the 
two phases (A = Ca, Sr) which indicates that although there is a difference in ionic size 
(Ca2+ = 1.26 Â, Sr2+ = 1.40 Â1) this is not sufficient to affect the activation energy and 
conductivity significantly. It was previously observed that the larger the Ln ion in the 
Li5Ln2Sb20 12 phases, the higher the conductivity. This suggests that the effect of the Ln 
ion size is not sufficiently replicated by replacing one Ln with one alkaline earth metal 
despite the A ion being larger than the Ln it is replacing. Potentially further studies into 
the extent of viable doping with alkaline earth metals may shed some more light on this 
phenomenon and determine whether a higher proportion of large ions in the 8-coordinate 
site affect conductivity.
7.3 Niobium containing garnets
Initial studies into the suitability of lithium containing garnet materials for solid electrolyte 
applications were carried out on niobium based compositions. Structural studies had
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already been done on Li3La3Nb20 ^  and so the work carried out here focussed on potential 
non-stoichiometry in this system. The series I i 5.3XLa3.xNb20 12 (x = 0.1-0.4) was 
successfully synthesised using additional Li as the charge balancing mechanism. The 
samples were characterised using X-ray diffraction which showed no significant change in 
cell size above x = 0.1 suggesting a limit to the degree of non-stoichiometry the system 
could accommodate. The Ln deficiency was not found to affect the conductivity in 
comparison to the stoichiometric material. The conductivity was also comparable to that 
of the related Li5La3Sb20 12 phase which is to be expected due to the similarity between 
ionic radii for Nb5+ (0.78 Â !) and Sb5+ (0.74 Â a) in an octahedral site. Further neutron 
diffraction studies would be required to fully elucidate the nature of the phases synthesised 
and determine where the additional Li is placed.
Doping studies on the Nb based materials were carried out, whereby the series 
Li6ALa2Nb20 12 (A = Ca, Sr, Ba) was prepared. Neutron diffraction was carried out on 7I i  
containing analogues of these phases which showed a cubic gamet structure with Li in two 
sites, an ideal tetrahedral site and a distorted octahedral site which appeared geometrically
to be closer to 4 coordinate. The space group Ia3 d proposed by other groups for the un­
doped material was found to be consistent with these doped samples. Solid state 7I i  NMR 
did not show two distinct sites, instead producing a single peak indicative of geometrically 
similar 7I i  sites, most likely due to the small chemical shift range of 7I i ,  attributed to the 
small chemical shift range for 7I i
The doped materials showed some susceptibility to changing thermal history during
conductivity measurements, with the quenched sample conductivity and annealed sample
conductivity differing significandy at low temperatures. In addition, changes in activation
energy were evident at raised temperatures in accordance with data recorded for other
related phases. As for the Sb containing materials, these doped Nb containing phases
showed little difference in conductivity with alkaline earth dopant. This again reinforces
the view that any size related conductivity enhancement is not observed in these cases.
Additional synthetic studies to increase the proportion of A in the composition would need
to be carried out in fully elucidate the relationship between amount of A and conductivity.
High temperature studies were carried out on two selected phases Li6SrLa2Nb20 12 and
Li6CaLa2Nb20 12 to further understand the mechanisms at work. These included
conductivity measurements under a range of different thermal history conditions as well as
non-ambient atmospheres. The highest conductivity was observed for a sample that
underwent spark plasma sintering which is consistent with the high density o f the pellet
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produced by this method. The absence of obvious thermal history effects in this sample 
suggested that surface area plays a part in the effects observed. It is thought that the low 
temperature variation in conductivity with thermal history is due to Li exchange with H, 
prevented in the spark plasma sintered sample due to high density and hence low surface 
area. Ideally, further work would include combined neutron diffraction and conductivity 
measurements to establish the structural basis behind the results reported here.
High temperature neutron diffraction suggested a shift in Li from the tetrahedral to 
distorted octahedral sites at higher temperatures in Li6SrLa2Nb20 12 although the changes 
were small. Quenched and annealed samples were also compared at room and low 
temperatures which showed little structural difference between the two thermal histories. 
The structural changes are not thought to be the cause of the entire effects seen but could 
contribute to the high temperature activation energy changes thought to be linked to defect 
trapping of Li.
7.4 Tantalum containing garnets
A small range of Ta based gamet materials was synthesised for comparison to the Sb and 
Nb systems. A study into non-stoichiometry found that, like the Nb and Sb systems, Ln 
deficiency was the most favoured non-stoichiometry to be adopted (Li5 3Nb29Ta20 12). The 
conductivity of such phases remained comparable to the other non-stoichiometric Nb 
systems mentioned in Section 7.3. The conductivity results showed thermal history effects, 
possibly linked to Li/H  exchange as proposed in other phases, as well as activation energy 
changes at high temperatures thought to be the result of defect trapping at low 
temperatures. Little change in conductivity was observed with Ln deficiency, as is 
consistent with related non-stoichiometric studies in both the Sb and Nb containing 
phases. The conductivity of the Ta containing phases in comparison to the Sb containing 
analogues is very similar which is likely to be due to the similarity in ion size with Ta5+ =
0.78 Â 1 and Sb5+ = 0.74 Â 1 in an octahedral coordination.
Doping in the Ta systems was successful to produce the series Li6ALa2Ta20 12 (A = Ca, Sr). 
Conductivity measurements displayed fast lithium ion conductivity with the same thermal 
history effects and activation energy features as observed in the non-stoichiometric phases. 
Conductivity values are in the same region as the related A doped Nb and Sb containing 
phases which considering the similarity in ionic radius of the M5+ ions is to be expected as 
previous groups2 have shown the Ta containing phases to have a closely related structure to 
the analogous Nb and Sb phases.
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Further work on these phases would include computational modelling work for which 
preliminary calculations have been carried out but are not reported here. These would 
potentially allow the elucidation of a possible Li migration pathway and could be used to 
suggest novel optimisation routes for the Ta system and subsequently other garnet systems.
7.5 Tetragonal garnets
Two unusual very high lithium content tetragonal gamet phases were synthesised 
successfully, Li7Ln3MIV20 12 (Ln = La, Nd; MIV=Sn, Zr). Li7La3Zr20 12 has previously been 
reported as cubic3 but when synthesised during this project was found to be tetragonal. 
Recently tetragonal symmetry for Li7La3Zr20 12 has been confirmed by Awaka et al 4. 
Neutron diffraction on 7Li7La3Sn20 12 showed a highly ordered structure where Li occupied 
three distinct sites, the ideal tetrahedral site and two distorted octahedral sites. The 
tetragonal samples both displayed very low conductivity in comparison to the cubic 
garnets, attributed to long range Li ion ordering.
Doping o f I i5Ln3Mv20 12 (Ln = Nd, La; Mv = Sb, Nb) with Sn was successful producing a 
series, Li5+xLn3Mv2_xSnx0 12, eventually producing I i 7La3Sn20 12 end member discussed 
above. The conductivity of the intermediate Li6Nd3SbSn012 phase was of the same order 
of magnitude as other doped materials with the same Li content despite the slightly larger 
Sn4+ (0.83 Â !) ion being incorporated on the Mv site. However, the conductivity of the 
analogous Li6La3N bSn012 was an order of magnitude higher. The reason could be the 
slightly larger nature of the Sn4+ ion although that would also have been expected to 
influence the other doped materials, which was not observed. It is possible that the 
difference in conductivities is due to external effects from the atmospheric conditions or 
sintering effectiveness for the sample tested. Repeat synthesis and measurement would 
need to be carried out in order to elucidate the processes occurring when doping on the M 
site in this way.
Conductivity studies showed no evidence of proton conduction in either phase and both 
phases were concluded to conduct Li ions. The conductivities of the samples showed 
evidence of thermal history effects seen in other related materials as well as activation 
energy changes thought to be related to defect trapping at low temperatures.
Phase changes were observed in both the Zr and Sn systems between tetragonal and cubic 
structures which were found to be atmosphere dependent and thought to be due to both
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Li/H  exchange mechanisms at low temperature and temperature induced disorder at higher 
temperatures. Quenching the sample in a dry atmosphere resulted in a tetragonal phase, 
while quenching in air and wet atmospheres resulted in a cubic phase. This indicates that 
water in the atmosphere is the most likely source of the phase change. Additionally, the 
atmospheres used were 0 2, indicating that the presence of C 0 2 is not fundamental to the 
phase change. This suggests that the species forming are likely to be predominantly LiOH 
related which would decompose to Li2C 0 3 on exposure to air. However whether any 
LiOH or Li2C 0 3 on the surface of the grains is from Li originating within the structure or 
Li from excess added during synthesis is unclear and would require further experimental 
work to confirm. In one sample, the lattice parameter appeared to increase and then 
decrease with increasing temperature. This cannot be accounted for by experimental error 
alone and is potentially the result the interaction of water with the cell causing changes in 
the domain structure, leading to unexpected cell contractions on heating, followed by a 
more normal expansion once all the water is removed from the system at a higher 
temperature. As the causes of the changes observed are not fully understood, it was not 
possible to perfectly replicate this experiment although future work with controlled 
humidity and atmospheric equipment would be required to ensure a more rigorous 
experimental result. Additionally, fluorination of Li7La3Sn20 12 led to a cubic sample also 
thought to be the result of Li removal from the system, a conclusion supported by solid 
state NMR results on the fiuorinated materials.
7.6 Further Work
There is a great deal of further work to be done on these materials, including humidity 
controlled experiments such as neutron diffraction, and ideally the comparison of the 
sample treated in H20  and D 20  to locate the H sites within the structure. This would 
allow the identification of any sites on which H is preferentially located and indicate 
whether a proportion of H20  is entering the structure or is absorbed onto surfaces only.
Computational modelling could be used to investigate the behaviour of these materials on a 
very small scale. Molecular dynamics would be used to create a virtual super-cell and the 
effect of different conditions tested. This may shed light onto the ionic conduction 
mechanism of the Li ions and therefore, how best to alter the composition to maximise the 
conductivity. It may also indicate the nature of the cubic to tetragonal phase transition and 
the environmental factors that influence it. However, this is not an insignificant task as 
extensive model development is required prior to results being gathered to ensure that the 
model system accurately reflects its real counterpart. Additionally, data extraction from the
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model for a system as complicated as the garnet structure is also problematic as partial 
occupancies and highly mobile species serve to complicate the model. Potentially, other 
modelling methods could be used, such as density functional theory although this is again a 
highly complex field and a considerable level of expertise on more simple systems would be 
required before tackling the systems of interest in this project.
Surface species are thought to form from structural Li and other absorbed components 
such as water. In order to fully appreciate the processes behind the formation of these 
materials, a method needs to be found by which the phases can be synthesised without an 
excess of Li2C 0 3 so that any additional Li found on the surface subsequently can be 
attributed to a Li removal processes and not the excess reagent. Such a method may be 
low temperature route, potentially related to the co-precipitation synthesis of yttrium 
aluminium garnet laser materials5. If this were successful, the study of surface species 
could be carried out using a range of techniques such as Drift Infra-red Spectroscopy or 
Electron Dispersive X-ray Spectroscopy. Additionally, washing methods may be used in an 
attempt to remove the surface species from the grains in order to analyse them using 
solution based techniques such as Flame Atomic Absorption Spectroscopy.
The observed loss of volatile materials during thermal measurements could be further 
investigated using a linked thermo-gravimetric — mass spectroscopy instrument which 
would enable the identification of species as they were released. This would provide 
further information on the nature of the species present in the sample in addition to the 
gamet material being studied and shed light on the processes occurring when the garnet 
materials are left under ambient conditions for a length of time.
The nature of the relationship between these phases and the higher conducting, lower Li 
content cubic materials also requires examination to understand the “tipping point” in Li 
content between cubic and tetragonal structures which may help shed light on the 
conduction mechanism. Additional synthetic studies using other M4+ species may also add 
to our understanding of these complex materials as well as higher level doping of Ms+ 
systems to produce very high Li content species by a different route.
There is a great quantity of work still to be carried out on these materials before they can 
be considered adequately characterised. The processes at work in the samples analysed 
here are complex and relate not only to the nature of the phase itself but also the 
environment in which it was synthesised. The further work detailed here may go some way
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to achieving a better understanding of the materials although it is not unreasonable to 
suggest that no material is ever fully understood.
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